The Airliner Cabin Environment and the Health of Passengers and Crew 

tiMj®QQ®)iiap.crtn/ciiK:ntH»okrtyt) , AJK2«y7.'litinVKrrKml, copyright 2«HG,2IX)1 The Niyiinud Ac<Mtcmy ot" ScittUX*, iti) rights reserved 


THE 

AIRLINER 

CABIN 

ENVIRONMENT 

AND THE 

HEALTH 

Of 

PASSENGERS 

AND 

CREW 

Committee on Air Quality in Passenger Cabins of 
Commercial Aircraft 

Board on Environmental Studies and Toxicology 
Division on Earth and Life Studies 
National Research Council 


NATIONAL ACADEMY PRESS 
Washington, D.C. 


PM3006448925 

Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 




The Airliner Cabin Environment and the Health of Passengers and Crew 

mfyiipm Kuo, jnoi Hie N»ii<»u) taincmy «f <Ueuxa. all n e im rescued 


NATIONAL ACADEMY PRESS 2l0l Constitution Ave., N.W. Washington. D.C. 20418 

NOTICE: The project that is the subject of this report was approved by the Governing 
Board of the National Research Council, whose members are drawn from the councils 
of the National Academy of Sciences, the National Academy of Engineering, and the 
Institute of Medicine. The members of the committee responsible for the report were 
chosen for their special competences and with regard for appropriate balance. 

This project was supported by A ward No. DTFAO1 OOP 1 OOP 10285 between the Nati on al 
Academy of Sciences and the U.S. Department of Transportation. Any opinions, 
findings, conclusions, or recommendations expressed in this publication are those of 
the authors) and do not necessarily reflect the view of the organizations or agencies 
that provided support for this project. 


Library of Congress Control Number 7001099122 
Internationa! Standard Book Number 0-309-08289-7 
Cover photograph by Steve Cole, Photodisc 


Addilional copies of this report are available from; 

National Academy Press 
2101 Constitution Ave., NW 
Box 2S5 

Washington, DC 20055 
800-624-6242 

202-334-3313 (in the Washington metropolitan area) 
http://www.nap.edu 


Copyright 2002 by the National Academy of Sciences. All rights reserved. 
Printed in the United States of America 


PM3006448926 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 




The Airliner Cabin Environment and the Wealth of Passengers and Crp\y 

ht<jfilOO^ , ' a f ,c<1U|fr, P cn, ^ ,oKrt,:i lW0H2*W7/html/1 .h tm 1, copyright 2W12, 20<)l The Nation*) Academy r>f SclcilL-cs, all rights reserved 


Summary 


The number of people traveling by commercial aircraft in recent years is 
unprecedented. Over the last 30 years, the number of air passengers world' 
wide has nearly quadrupled, from 383 million in 1970 to 1,462 million in 1998. 
More older and younger people are flying, including adults withmedical condi¬ 
tions (e.g., cardiovascular and pulmonary disease), children, and infants. 

The aircraft cabin is similar to other indoor environments, such as homes 
and offices, in that people are exposed to a mixture of outside and recirculated 
air. However, the cabin environment is different in many respects—-for exam¬ 
ple, the high occupant density, the inability of occupants to leave at will, and the 
need for pressurization. In flight, people encounter a combination of environ¬ 
mental factors that includes low humidity, reduced air pressure, and potential 
exposure to air contaminants, such as ozone (0 3 ), carbon monoxide (CO), vari¬ 
ous organic chemicals, and biological agents. 

Over the years, passengers and cabin crew (flight attendants) have repeat¬ 
edly raised questions regarding air quality in the aircraft cabin. In 1986, a 
committee of the National Research Council (NRC), the principal operating 
arm of the National Academy of Sciences and the National Academy of Engi¬ 
neering, produced a report requested by Congress titled The Airliner Cabin 
Environment: Air Quality and Safety. That report recommended the elimi¬ 
nation of smoking on most domestic airline flights and other actions to address 
health and safety problems and to obtain better data on cabin air quality. In 
response, the Federal Aviation-Administration (FAA) took several actions, 
including aban on smoking on all domestic flights. ^However, 15 years later, 
many of the other issues about aircraft cabin air quality have yet to be ade- 
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2 The Airliner Cabin Environment and the Health of Passengers and Crew 

quately addressed by FAA and the airline industry, and new health questions 
have been raised by the public and cabin crew. 

In response to the unresolved issues. Congress—in the Wendell H. Ford 
Aviation Investment and Reform Act of the 21st Century, enacted in 
2000—directed the FAA to ask the NRC to perform another independent 
study to assess airborne contaminants in commercial aircraft, to evaluate their 
toxicity and associated health effects, and to recommend approaches to im¬ 
prove cabin air quality. 


THE CHARGE TO THE COMMITTEE 

The NRC convened a new committee, the Committee on Air Quality in 
Passenger Cabins of Commercial Aircraft, which prepared this report. The 
committee’s members were selected for expertise in industrial hygiene, expo¬ 
sure assessment, toxicology, occupational and aerospace medicine, epidemiol¬ 
ogy, microbiology, aerospace and environmental engineering, air monitoring, 
ventilation and airflow modeling, and environmental chemistry. The committee 
was charged to address the following topics: 

1. Contaminants of concern, including pathogens and substances that are 
used in the maintenance, operation, or treatment of aircraft, including seasonal 
fuels and deicing fluids. 

2. The systems of passenger cabin air supply on aircraft and ways in 
which contaminants might enter such systems. 

3. The toxic effects ofthe contaminants of concern, their byproducts, the 
products of their degradation, and other factors, such as temperature and 
relative humidity, that might influence health effects. 

4. Measurements of the contaminants of concern in the air of passenger 
cabins during domestic and foreign air transportation and comparison with 
measurements in public buildings, including airports. 

5. Potential approaches to improve cabin air quality, including the introduc¬ 
tion of an alternative supply of air for the aircraft passengers and crew to 
replace bleed air. 

The committee was not asked or constituted to address the possible ef¬ 
fects of ionizing and nonionizing radiation. Furthermore, the committee did not, 
nor was it asked to, evaluate the potential costs of implementing any of its 
recommendations. 
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Summary 3 

THE COMMITTEE’S APPROACH TO ITS CHARGE 

The committee heard, in public session, presentations from FAA, the 
Association ofFlight Attendants (AFA), the National Institute for Occupational 
Safety and Health, the International Association of Machinists and Aerospace 
Workers (IAM), manufacturers of aircraft and aircraft equipment (Boeing, 
Airbus, and Honeywell), and consulting firms (Consolidated Safety Services, 
Inc., and Information Overload Corporation). The committee evaluated the 
body of literature on air quality in commercial aircraft, emphasizing studies 
conducted since the 19S6 NRC report It also solicited information from FAA, 
airlines, aircraft and engine manufacturers, AFA, IAM, and manufacturers of 
engine lubricating oi Is and hydraulic fluids. Committee members visited United 
Airlines heavy maintenance facilities in Oakland, California, and Indianapolis, 
Indiana. 

In addressing its charge, the committee focused on air quality in aircraft 
regulated by the FAA, on nations land international flights. It did not focus on 
specific types ormodels of aircraft, butrather examined air quality in commer¬ 
cial aircraft in general. Various aircraft models might differ in cabin air qual¬ 
ity, but the committee considered the exposure and health-related issues to be 
applicable to most commercial aircraft systems. 


THE COMMITTEE’S EVALUATION 
Aircraft Systems 

Commercial jet aircraft operate in an external environment that varies 
widely in temperature, air pressure, and relative humidity as they move from 
taxiing and takeoff through cruise to descent and landing. To transport passen¬ 
gers and crew through environmental extremes, an aircraft is equipped with 
an environmental control system (ECS) designed to maintain a safe, healthful, 
and comfortable environment for the passengers and crew. The air provided 
to the passengers and crew on jet aircraft is typically a combination of outside 
air brought in through the engines and air that is taken from the cabin, filtered, 
and recirculated. The ECS is designed to minimize the introduction ofharmfol 
contaminants into the cabin and to control cabin pressure, ventilation, tempera¬ 
ture, and humidity. 

To promote safe and healthful air aboard commercial aircraft, FAA has 
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4 The Airliner Cabin Environment and the Health of Passengers and Crew 

established design and operational specifications—Federal Aviation Regula¬ 
tions (FARs) in 14 CFR 21,14 CFR 25,14 CFR 121, and 14 CFR125—for 
0„ CO, carbon dioxide (C0 2 ), ventilation, and cabin pressure. 

After reviewing the role and function of the ECS on most aircraft, the 
committee concluded that the ECS, when operated as specified by the manu¬ 
facturer, should provide an ample supply of air to pressurize the cabin, meet 
general comfort conditions, and dilute or otherwise reduce normally occurring 
odors, heat, and contaminants. The committee noted, however, that the cur¬ 
rent design standard of a minimum of 0,55 lb of outside air per minute per 
occupant (FAR 25.831) is less than one-half to two-thirds the ventilation rate 
recommended in American Society of Heating, Refrigerating, and Air-Condi¬ 
tioning Engineers (ASHRAE) Standard 62-1999, which was developed for 
building environments. Whether the building ventilation standard is appropriate 
for the aircraft cabin environment has not been established. 


Exposures on Aircraft 

Although the ECS is designed to minimize the concentrations of contami¬ 
nants in the cabin, contaminant exposures do occur. They can originate out¬ 
side the aircraft, inside the aircraft, and in the ECS itself. There are two dis¬ 
tinct types of contaminant exposures: those which occur under routine operat¬ 
ing conditions and those which occur under abnormal operating conditions. 
Contaminant exposures that occur under routine conditions include odors and 
gases emitted by passengers, O, that enters with ventilation airduring high- 
altitude cruise, organic compounds emitted fromTesidual cleaning materials and 
other materials in the cabin, and infectious agents, allergens, irritants, and 
toxicants. During nonroutine events, contaminant exposures result from the 
intake of chemical contaminants (e.g., engine lubricating oils, hydraulic fluids, 
deicing fluids, and their degradation products) into the ECS and then into the 
cabin. 

A numberof studies have attempted to collect data on occupant exposures 
to air contaminants in aircraft cabins under routine conditions. The data repre¬ 
sent Only a small number of flights, and the studies have varied considerably 
in their sampling strategies, the environmental factors monitored, and the mea¬ 
surement methods used. Consequently, cabin air quality under routine condi¬ 
tions has not been well characterized. Furthermore, no published studies de¬ 
scribe quantitative measurements of air quality under abnormal operating 
conditions. 
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Summary 5 

Exposures to contaminants that originate outside the aircraft differ, de¬ 
pending on whether the aircraft is on the ground, in ascent, in cruise, or in 
descent. When the aircraft is on the ground, exposures to outdoor air pollut¬ 
ants (e.g., Oj, CO, and particulate matter) are determined primarily by the 
ambient concentrations at the aiiport. During cruise at high altitudes, O, con¬ 
centrations are elevated in ambient air. Although the FAA requires that 0 3 
concentrations in the aircraft cabin be maintained within specified limits, stud¬ 
ies indicate that cabin 0- concentrations on some flights may exceed the FAA 
regulatory standards and the Environmental Protection Agency nationalamb i- 
ent (outdoor) air standards. 

Passengers and crew themselves are the sources of several contaminants 
(e.g., bioeffluents, viruses, bacteria, allergens, and fungal spores) that originate 
in the cabin. Furthermore, structural components of the aircraft, luggage, 
personal articles, animal s brought on board, food, and sanitation fluids can be 
sources of vapors or particles. Cabin surfaces can be sources of residues of 
cleaning compounds, pesticides, and dust. Passengers and crew have raised 
questions about exposure to pesticides (e.g., d-phenothrin and permethrin), 
because they are sprayed on selected international flights to limit the spread 
of insect pests, but no quantitative data are available on passenger or crew 
exposures to these compounds. 

The ECS can be a source of contamination. Problems arise when engine 
lubricating oils, hydraulic fluids, or deicing fluids unintentionally enter the cabin 
through the air-supply system from the engines in what is called bleed air, 
Many cabin crews and passengers have reported incidents of smoke or odors 
in the cabin. No exposure data are available to identify the contaminants in 
cabin air during air-quality incidents, but laboratory studies suggest thatmany 
compounds are released when the fluids mentioned above are heated to the 
high temperatures that occur in the bleed-air system. 


Health Considerations 

Available exposure information suggests that environmental factors, includ¬ 
ing air contaminants, can be responsible for some of the numerous complaints 
of acute and chronic health effects in cabin crew and passengers. The com¬ 
plaints tend to be so broad and nonspecific and can have so many causes that 
it is difficult to define or discern a precise illness or syndrome. The current 
data collection systems administered by the National Air and Space Adminis¬ 
tration and APA, designed to report health complaints of cabin crew and 
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6 The Airliner Cabin Environment and the Health of Passengers and Crew 

passengers, do not have standardised, systematic methods to collect and record 
these reports. Furthermore, FAAdoesnotcollecthealth-effects data. There¬ 
fore, establishing a causal relationship between cabin air quality and the health 
complaints of cabin crew and passengers is extremely difficult. 

Among the possible causes of the symptoms reported by passengers and 
cabin crew are the cabin environment itself (e.g., cabin pressure and relative 
humidity), contaminants (e. g., 0 3 , pesticides, biological agents, and constituents 
and degradation products of engine lubricating oils and hydraulic fluids), physi¬ 
ological stressors (e.g., fatigue, cramped seats, and jet lag), and exacerbation 
of pre-existing conditions in sensitive groups, 

Regarding the flight environment, the committee identified two cabin air- 
quality characteristics that should be given high priority for further investiga¬ 
tion: reduced oxygen partial pressure and elevated 0 3 concentrations. Al¬ 
though reduced oxygen partial pressure in the aircraft cabin at cruise altitude 
should not affect healthy people adversely, health-compromised people, partic¬ 
ularly those with cardiopulmonary disease, might experience a variety of symp¬ 
toms. Infants could also be adversely affected because of their greater oxy¬ 
gen requirements. Elevated Oj concentrations have been associated with 
airway irritation, decreased lung function, exacerbation of asthma, and impair¬ 
ments of the immune system. 

The presence of some biological agents in cabin air, primarily airborne 
allergens,has also raised questions. Exposures to allergens (e.g., eat dander) 
have been reported to cause health effects, but have not been definitively 
documented in aircraft. Transmission of infectious agents from person to 
person has been documented to occur in aircraft, but the most importanttrans- 
mission factors appear to be high occupant density and the proximity of pas¬ 
sengers . Transmission does not appear to be facilitated by aircraft ventilation 
systems. 

Other cabin air contaminants or characteristics during routine operations 
are generally not expected to cause adverse health effects. One possible 
exception is the low relative humidity that occurs on nearly all flights. Low 
relative humidity might cause some temporary discomfort (e.g., drying of the 
eves, nose, and skin) in cabin occupants; its role in causing or exacerbating 
short- or long-term health effects has not been established. Another possible 
exception is exposure to pesticides that are applied on some international 
flights; these chemicals can cause skin irritation and are reported to be neuro¬ 
toxic, although of low toxicity in humans. 

Dunng abnormal operating conditions, exposure to several contaminants 
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Summary 7 

might occur. The engine lubricating oils and hydraulic fluids used in commer¬ 
cial aircraft are composed of a variety of organic constituents, including tri- 
cresyl phosphate, a known neurotoxicant. If the oils and fluids and their poten¬ 
tial degradation products (e.g., CO and formaldehyde) enter the aircraft cabin, 
they will adversely affect cabin air quality. No data have definitively linked 
exposure to these compounds with reported health effects in cabin occupants. 


Findings 

The primary air-quality characteristics evaluated by the committee are 
summarized inTable S-l, which presents information on potential health ef¬ 
fects, frequency of occurrence, and quality of the available data. The commit¬ 
tee ranked the characteristics as of low, moderate, or high concern, on the 
basis of the likelihood of exposure and the potential severity of their effect. 
For example, hydraulic fluids or engine lubricating oils were ranked as of mod¬ 
erate concern because the potential severity of their effects is high but the 
likelihood of exposure to them at high concentrations is believed to be low. An 
important point to note is that the ability to evaluate a characteristic is limited 
in most cases because of a lack of data on exposure or health effects. 


RECOMMENDATIONS 

1. FAA should rigorously demonstrate in public reports the adequacy of 
current and proposed FARs related to cabin air quality and should provide 
quantitative evidence and rationales to support sections of the FARs that es¬ 
tablish air-quality-related design and operational standards for aircraft (stan¬ 
dards for CO, C0 2 , Oj, ventilation, and cabin pressure). Ifaspecific standard 
is found to be inadequate to protect the health and ensure the comfort of pas¬ 
sengers and crew, FAA should revise it. For ventilation, the committee recom¬ 
mends that an operational standard consistent with the design standard be 
established. 

2. FAA should take effective measures to ensure that the current FAR 
for 0 } (average concentrations not to exceed 0.1 ppm above 27,000 ft, and 
peak concentrations not to exceed 0,25 ppm above 32,000 ft) is met on all 
flights, regardless of altitude. These measures should include a requirement, 
that either 0 3 converters be installed, used, and maintained on all aircraft 
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TABLE S-l Air-Quality Characteristics: Potential Health hnpacls and Likelihood of Exposure 


Characteristic' 

Potential Health Impacts 

Frequency of Exposure 

Availability of Information 

High Concern 

Cabin pressure 

Serious health effects may occur in 
some people (e.g., infants and those 
with cardiorespiratory diseases) due to 
decreased oxygen pressure. Temporary 
pain or discomfort due to gas expansion 
(e.g., middle ear or sinuses) may occur. 

Reduced cabin pressure occurs on nearly 
all flights. 

Reliable measurements are available; 
health effects in some sensitive groups 
are uncertain. 

Ozone 

Health effects {e g,, airway imitation 
and reduced lung function) may occur 
at concentrations as low as 0.1 ppm 
with increasing seventy at higher 
concentrations, exposure durations, and 
respiratory rates, 

Elevated concentrations are expected 
primarily on aircraft without 0> converters 
that fly at high altitudes; substantia] 
uncertainty exists os to frequency and 
duration of elevated concentrations on 
these flights. 

Few systematic measurements made 
since the 1986 NRC report. 

Moderate Concern 

Airborne allergens 

inhalation can result in irritated eyes 
and nose, sinusitis, acute exacerbations 
of asthma, or anaphylaxis. 

Frequency and intensity of exposure 
sufficient to cause sensitization or 
symptoms is not known. 

Few exposure data are available; only 
self-reported information on 
hypersensitivity responses is available. 


Carbon monoxide 


Headaches and lighlhcadedncss occur at High concentrations could occur during 
low concentrations; more severe health air-quality incidents. Frequencyof 
effects result from higher incidents is highly uncertain, but believed 

concentrations and longer durations. to be low. 


Reliable measurements are available i'or 
normal operating conditions; no data are 
available for incidents. 


do 
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Hydraulic fluids or 
engine oils 
(constituents or 
degradation 
products) 

Mild to severe health effects can result 
from exposure to these fluids Dr their 
degradation products. 

Frequency of incidents in which these 
fluids or degradation products enter the 
cabin is very uncertain, but is expected to 
be relatively low. 

No quantitative exposure data are 
available. Little information is available 
on health effects related to smoke, 
mists, or odors in aircraft cabin. 

Infectious agents 

Exposure may have no effect or cause 
an infection with or without symptoms. 

Presence of some infectious agent is 
likely, but the frequency of exposures that 
result in infection is not known. 

Little information is available on the 
transmission Of infectious agents on 
aircraft. 

pesticides 

Health effects (e.g, skin rashes) can 
result from denmal or inhalariort 
exposure. 

Exposure is likely on selected aircraft 
used for international flights. 

No exposure data arc available; only 
self-reported information on health 
effects is available. 

Low Concern 

Carbon dioxide 

indicator of ventilation adequacy. 
Elevated concentrations are associated 
with increased perceptions of poor air 
quality. 

Concentrations are generally below FAA 
regulatory limits. 

Reliable measurements are available 
only for normal operating conditions. 

Deicing fluids 

Health effects can result from inhalation 
afhigh concentrations. 

Frequency is expected to be very low. 

No information is available on 
incidences of fluids entering aircraft. 

Nuisance odors 

Annoyance and mucosal irritation can 
occur. 

Can be present pn any flight. 

Reliable information is available from 
surveys of cabin occupants. 

Relative humidity 

Temporary dryjng of skin, eyes, and 
mucous membranes can occur at low 
relative humidity (10 to 20%). 

Low relative humidity ucpuis on most 
flights. 

Reliable and accurate measurements in 
aircraft are available. 


'Listing in each concern group is alphabetical; {he committee did not rank the £j|aracf eristics within a group. 
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10 The Airliner Cabin Environment and the Health of Passengers and Crew 

capable of flying at or above those altitudes, or strict operating limits be set 
with regard to altitudes and routes for aircraft without converters to ensure 
that the 0 3 concentrations are not exceeded in reasonable worst-case scenar¬ 
ios, To ensure compliance with the 0 3 requirements, FAA should conduct 
monitoring to verify that the 0 3 controls are operating properly (see also rec¬ 
ommendation 8). 

3. F AA should investigate and publicly report on the need for and feasibil¬ 
ity of installing air-cleaning equipment for removing particles and vapors from 
the air supplied by the ECS on all aircraft to prevent or minimize the introduc¬ 
tion of contaminants into the passenger cabin during ground operation, normal 
flight, and air-quality incidents. 

4. FAA should require a CO monitor in the air supply ducts to passenger 
cabins and establish standard operatingproceduTes for respondingto elevated 
CO concentrations. 

5. Because of the potential for serious health effects related to exposures 
of sensitive people to al tergens, the need to prohibit transport of small animals 
in aircraft cabins should be investigated, and cabin crews should be trained to 
recognize and respond to severe, potentially life-threatening responses (e.g., 
anaphylaxis, severe asthma attacks) that hypcrsensitivepaoplemight experi¬ 
ence because of exposure to airborne allergens. 

6. Increased efforts should be made to provide cabin crew, passengers, 
and health professionals with information on health issues related to air travel. 
To that end, FAA and the airlines should work with such organizations as the 
American Medical Association and the Aerospace Medical Association to 
improve health professionals’ awareness of the need to advise patients on the 
potential risks of flying, tncludingrisks associated with decreased cabin pres¬ 
sure, flying with active infections, increased susceptibility to infection, or hy¬ 
persensitivity. 

7. The committee reiterates the recommendation of the 1986 NRC report 
that a regulation be established to require removal of passengers from an 
aircraft within 30 minutes after a ventilation failure or shutdown on the ground 
and to ensure the maintenance of full ventilation whenever on-board or ground- 
based air conditioning is available. 

8. To be consistent with FAA’s mission to promote aviation safety, an 
air-quality and health-surveillance program should be established. The obj ec- 
tives and approaches of this program are summarized in Table S-2. The health 
and air-quality components should be coordinated so that the data are collected 
in a manner that allows analysis of the suggested relationship between health 
effects or complaints and cabin air quality. 
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Summary 11 

9. To answer specific questions about cabin air quality, a research pro¬ 
gram should be established (see Table S-2). The committee considers the 
following research questions to be of high priority: 

• O,. How is the Oj concentration in the cabin environment af¬ 
fected by various factors (e.g., ambient concentrations, reaction with 
surfaces, the presence and effectiveness of catalytic converters), and 
what is the relationship between cabin 0 ; concentrations and health ef¬ 
fects on cabin occupants? 

• Cabin pressure and oxygen partial pressure. What is the 
effect of cabin pressure altitude onsusceptible cabin occupants, including 
infants, pregnant women, and people with cardiovascular disease? 

• Outside-air ventilation. Does the ECS provide sufficient quan¬ 
tity and distribution of outside ai r to meet the FAA regulatory requirements 
(FAR 25.831), and to what extent is cabin ventilation associated with 
complaints from passengers and cabin crew? Can it be verified that 
infectious-di sease agents are transmitted primarily between people in close 
proximity? Does recirculation of cabin air increase cabin occupants ’ risk 
of exposure? 

• Air-quality incidents. What is the toxicity of the constituents or 
degradation products of engine lubricating oils, hydraulic fluids, and deicing 
fluids, and is there a relationship between exposures to them and reported 
health effects on cabin crew? How are these oils, fluids, and degradation 
products distributed from the engines into the ECS and throughout the 
cabin environment? 

• Pesticide exposure. What are the magnitudes of exposures to 
pe sticides in aircraft cabins, and what is the relationship between the expo¬ 
sures and reported symptoms? 

• Relative humidity. What is the contribution oflow relative humid¬ 
ity to the perception of dryness, and do other factors cause or contribute 
to the irritation associated with the dry cabin environment during flight? 

10. The committee recommends that Congress designate a lead federal 
agency and provide sufficient funds to conduct or direct the research program 
proposed in recommendation 9, which is aimed at filling major knowledge gaps 
identified in this report. Anindependentadvisory committee with appropriate 
scientific, medical, and engineering expertise should be formed to oversee the 
research program to ensure that its objectives are met and the results publicly 
disseminated. 
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TABLE S-2 Surveillance and Research Programs __ 

Surveillance Program Research Program 

Objectives 

• To determine aircraft compliance with existing TARs for air • To investigate possible association between specific air- 
quality quality characteristics and health effects or complaints 


• To fcharacterize accurately air quality and establish 
temporal trends of air-quality characteristics in a broad 
sample of representative aircraft 

■ To estimate the frequency of nonroutine operations in 
which serious degradation of cabin air quality occurs 

• To document systematically health effects or complaints of 
passengers and crew related to routine conditions of flight or 
air-quality incidents; to be effective, this effort must be 
conducted and coordinated in conjunction with air-quality 
monitoring 


* To evaluate the physical and chemical factors affecting 
specific air-quality characteristics in aircraft cabins 

* To determine whether FARs for air quality are adequate to 
protect health and ensure comfort of passengers and crew 

* To determine exposure to selected contaminants (e.g,, 
constituents of engine oils and hydraulic fluids, their 
degradation products, and pesticides) and establish their 
potential toxicity more fully 


Approach 


• Continuously monitor and record 0., CO, CO,, fine 
particles, cabin pressure, temperature, and relative humidity 

• Sample a representative number of flights over a period of 
1-2 years 


■ Use continuous monitoring data from surveillance program 
when possible 

* Monitor additional air-quality characteristics on selected 
flights as necessary (e.g., integrated particulate-matter sampling 
to assess exposure to selected contaminants) 




Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 
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• Continue to monitor flights to ensure accurate 
characterization of air quality as new aircraft come online and 
aircraft equipment ages or is upgraded 

* Conduct a program for the systematic collection, analysis, 
and reporting of health data with the cabin crew as the 
primary study group 


• Identify and monitor “problem” aircraft and review 
maintenance and repair records to evaluate issues associated 
with air-quality incidents 

■ Collect selected health data (e.g., pulse-oximetry data to assess 
arterial 0 2 saturation of passengers and crew) 

• Conduct laboratory and other ground-based studies to 
characterize air distribution and circulation and contaminant 
generation, transport, and degradation in the cabin and the ECS 


ui 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 
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1 

Introduction 


The current volume, speed, and reach of air travel are unprecedented; tech¬ 
nology has made it easy and readily available (Wilson 1995; WHO 1998). 
Over the last 20 years, the world’s population is estimated to have grown at 
about 2% per year, but the traveling population has grown at 6% per year 
(Weiss2001). From 1970 to 1998, the number ofaircraft passengers world¬ 
wide almost quadrupled, from 383 million to 1,462 million. There has also been 
an increase in the number of older people flying, including those with health 
conditions (e.g., cardiovascular and pulmonary diseases) that may make them 
more susceptible to the effects of flight. In addition, the number of flights and 
the fraction of seats occupied (load factor) have increased, seats are more 
densely packed (especially in economy class), delay times are longer, and a 
greater number of miles are traveled. Between 1986 and 1999, the load factor 
for U.S. carriers serving domestic and foreign locations increased by about 
13% and 21%, respectively. And from 1986 to 1998, the average U.S. domes¬ 
tic trip length increased from 767 miles to 813 miles, and the average foreign 
trip length increased from 2,570 miles to 3,074 miles (AIA 2000). 

The aircraft cabin is similar to Other indoor environments, such as homes 
and offices, in that people, are exposed to a mixture of outside and recirculated 
air. (The outside air in the aircraft is usually supplied by a compressor on the 
engine and is also called bleed air.) But the cabin environment is different in 
many respects—for example, the high occupantdensity, the inability of occu¬ 
pants to leave at will, and the need for pressurization. In flight, people encoun¬ 
ter a combination of environmental factors that includes low humidity, low air 
pressure, and sometimes exposure to air contaminants, such as ozone (0 3 ), 

15 
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16 The Airliner Cabin Environment and th e Health of Passengers and Crew 

carbon monoxide (CO), various organic chemicals, and biological agents. 
Passengers and cabin crew have long complained about the air quality in com- 
mercial aircraft. These complaints include fatigue, dizziness, headaches, sinus 
and ear problems, dry eyes, sore throat, and occasionally more serious effects, 
such as nervous system disorders and incapacitation. Data on the overall 
percentages of passengers and cabin crew who report eompl aints about cabin 
air have not been systematically collected, a few small surveys provide illustra¬ 
tive examples {see Tables 6-3 through 6-6 in Chapter 6). 

Aircraft passengers are sedentary most of the time on any flight, but that 
is not true of the cabin crew, who are responsible for the safety and comfort 
of the passengers. Cabin crew, who number over 105,000 in the United 
States, are 20-80 years old, with the majority being between 30 and 55 years. 
Flight attendants work at a higher energy level than passengers and are ex¬ 
posed to cabin air for longer durations. They are typically in flight 50-80 h per 
month, and their maximal flight hours range from 75 to 105 h per month (AFA 
2001 ). 

In response to concerns raised by fhe flying public and the Association of 
Flight Attendants (AFA) regarding the air quality aboard commercial aircraft. 
Congress directed the Federal Aviation Administration (F AA), in the Wendell 
H. Ford Aviation Investment and Reform Act of the 21st Century (passed in 
April 2000), to request that the National Research Council (NRC) perform an 
independent study to assess the contaminants of concern in commercial air¬ 
craft and their toxicological and health effects, and provide recommendations 
for approaches to improving cabin air quality. In response, the NRC convened 
the Committee on Air Quality in Passenger Cabins of Commercial Aircraft, 
whose members include experts in industrial hygiene, exposure assessment, 
toxicology, occupational and aerospace medicine, epidemiology, microbiology, 
aerospace and environmental engineering, air-quality monitoring, ventilation 
and airflow modeling, and environmental chemistry. The committee was 
charged with the following specific issues: 

1. Contaminants of concern, as determined by the committee, including 
pathogens and substances used in the maintenance, operation, or treatment of 
aircraft, including those that may result from seasonal changes in fuels and 
from the use of deicing fluids. 

2. The systems of passenger cabin air supply on aircraft and the means 
by which contaminants may enter such systems. 


PM3006448942 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 




The Airliner Cabin environment and the Health of Passengers ancf Crew 

capyripto ami, ami -me Nainnai Acalcmy nr Sciouis. ill nimis rcrc/v«i 


Introduction 17 

3. The toxic effects of the contaminants of concern, their byproducts, and 
the products of their degradation and other factors, such as temperature and 
relative humidity, that may influence health effects. 

4. Measurements of the contaminants of concern in the air of passenger 
cabins during domestic and international flights, foreign air transportation, and 
comparisons of these measurements with those taken in public buildings, in¬ 
cluding airports. 

5. Potential approaches to improving cabin air quality, including the re¬ 
placement of engine and auxiliary power unit bleed air with an alternative 
supply of air for passengers and crew. 

In addressing its task, the committee sought to assess air quality in aircraft 
in general, not in specific types or models of aircraft, because it considered that 
concerns about exposures and health effects are potentially applicable to all 
commercial aircraft systems. However, the descriptions of systems (see 
Chapter 2) apply principally to large aircraft (more than 100 passengers) and 
the information on these systems was provided primarily by the major aircraft 
manufacturers. Thus, the committee's assessments might not be directly 
applicable to aircraft with smaller seating capacities. Because this report 
focuses on air quality in aircraft regulated by FAA, both flights within the 
United States and flights to or from other countries are considered. 

This report is intended for a wide audience, including FAA, members of 
Congress, cabin crew, aircraft manufacturers, airline companies, and the gen¬ 
eral public. 


EXPOSURES ON AIRCRAFT 

In the aircraft cabin, both passengers and cabin crew may be exposed to 
numerous air contaminants, including CO from engine exhaust, Oj that enters 
with outside air, organic compounds generated by emissions from materials in 
the cabin and the human body, and infectious agents, allergens, irritants, and 
other contaminants of biological origin. Air quality incidents 1 have been re- 


'The committee defines air-quality incidents as events that result in the intake of 
potential contaminants, including engine oils and hydraulic fluids, through the 
environmental control system into the cabin, 
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18 The Airliner Cabin Environment and the Health of Passengers and Crew 

ported during which passengers and cabin crew were exposed to other con¬ 
taminants. Such incidents can result from inadvertent releases of engine oils, 
hydraulic fluids, deicing fluids, and their decomposition products into the air that 
enters the cabin. In general, the frequency of such incidents is not known 
because many of the data are considered proprietary by the airlines and were 
notmade available to the committee and because there are no comprehensive, 
systematic methods for the collection of exposure and health effects informa¬ 
tion* AFA has reported a frequency of 7.6 incidents per 10,000 flights of a 
single airline on the basis ofreview of many sources of information, including 
reports filed by flight attendants, insurance companies, the Occupational Safety 
and Health Administration (OSHA), and medical professionals (Witkowski 
1997). 

In addition to passenger and cabin crew exposures to airborne contami¬ 
nants, physiological stressors are inherent in flight, may contribute to com¬ 
plaints about cabin air quality, and may exacerbate underlying health problems. 
For instance, aircraft cabins are pressurized to an equivalentaltitudeof5,000- 
8,000 ft, relative humidity is typically below 20%, seating is often cramped, and 
people may experience jet lag. 

Many guidelines and standards established for air quality in aircraft cabins 
are applicable to routine exposures in other indoor and outdoor environments. 
Table i-i lists contaminants that may be encountered under routine conditions 
in aircraft and the exposures recommended or legally established by various 
organizations. The organizations include FAA, the American Society of Heat¬ 
ing, Refrigerating and Air-Conditioning Engineers (ASHRAE), the Environ¬ 
mental Protection Agency (EPA), OSHA, and the American Conference of 
Governmental Industrial Hygienists (ACGIH). FAA is the only organization 
with regulatory authority' to establish standards for the aircraft cabin environ¬ 
ment ASHRAE has committees that pro vide guidelines on exposure in indoor 
environments, including those of aircraft (ASHRAE200)). EPA promulgates 
national ambient air-quality standards (NAAQSs) for outdoor air. OSHA 
establishes permissible occupational exposure limits (PELs), and ACGIH 
recommends threshold limit values (TLVs) to protect worker health. Because 
the limits established by OSHA and ACGIH are intended for application in 
workplaces populated by healthy adults of working age, they are not intended 
to apply' in situations where infants, children, the elderly, or those with medical 
conditions might be exposed; these subpopulations, included among aircraft 
passengers, are addressed by EPA's NAAQSs, 
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TABLE 1-1 

Limits on Contaminants That May Be Found in 

Aircraft Cabin Air 


Contaminants 

FAA 

ASHRAE* 

EPANAAQS" 

OSH A PEL' 

ACG1H TLV d 

Ozone *’ ( 

0.1 ppm 
0.25 ppm 

0.05 ppm 

0.12 ppm (11«) 
0.08 ppm (8 h) 

0.1 ppm 

0.05 ppm (TWA) (heavy work) 
0.08 ppm (moderate work) 

0.1 ppm (light work) 

Carbon dioxide 

5000 ppm 

700 ppm above 
ambient 8 

na 

5000 ppm 

5000 ppm (TWA), 30,000 ppm 
(STEL) 

Carbon 

monoxide 

50 ppm 

9 ppm (8 h) 

35 ppm(l It) 

35 ppm (I h) 

9 ppm (S h) 

50 ppm 

25 ppm (TWA) 

Nib-ogen 

dioxide 

na 

0.055 ppm (annua! 
average) 

0.05 ppm (annual 
average) 

5 ppm 

3 ppm (TWA), 

5 ppm (STEL) 

PM,/ 

na 

na 

150 gg/tn 1 (24 h) 

na 

na 

pm 2 / 

na 

na 

65 gg/m 1 (24 h) 

na 

na 

Formaldehyde 

na 

na 

na 

0.75 ppm (TWA) 

2 ppm (STEL) 

0 3 ppm (ceiling) 

Acetic acid 

na 

na 

na 

10 ppm 

10 ppm (TWA) 

15 ppm (STEL) 

Acetone 

na 

na 

na 

na 

500 ppm (TWA), 

750 ppm (STEL) 

Acetylaldchyde 

na 

na 

na 

200 ppm (TWA) 

25 ppm (ceiling) 

Acrofeiti 

na 

na 

na 

0.1 ppm 

0.1 ppm (ceiling) 

Benzene 

na 

na 

na 

1 ppm 

05 ppm (TWA) 

2.5 ppm (STEL) (Continued) 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 
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TABLE 1-1 Continued 


NJ 

o 


Contaminants 

FAA 

ASHRAE 1 

EPANAAQS b 

OSHA PEL' 

ACGIH TLV d 

Ethanol 

na 

na 

na 

1000 ppm 

1000 ppm (TWA) 

Ethyleneglycol 

n a 

na 

na 

50 ppm (ceiling) 

39.4 ppm (ceiling) 

Toluene 

na 

na 

na 

200 ppm 

50 ppm (TWA) 

Xylene 

na 

na 

na 

100 ppm 

100 ppm (TWA) 

150 ppm (STEL) 

Bacteria 

na 

im 

na 

na 

na 

Fungi 

na 

na 

na 

na 

na 

Pyrethrum 

na 

na 

na 

5 mg/m 3 

5 mg/m 3 


’ ASHRAE (52-1999. 

b EPA NAAQS, 40 CFR SO 

r PEL= OSHA permissible exposure limit. 

d TWA - time-weighted average concentration in a normal 8-h workday and a 40-h workweek, to which nearly all workers may be repeatedly 
exposed, day aflcr day, without adverse effect (ACGIH 1999). STEL = short-term exposure level is a 15-min TWA exposure that should not be 
exceeded at any time during the workday (ACGIH 1999). 

'FAA airworthiness standards (14 CFR 25) for ozone: “0.25 parts per million by volume, sea level equivalent, at anytime above 32,000 ft; and 
0.1 parts per million by volume, sea level equivalent, time-weighted average during any 3-h interval.” 

'National Institute for Occupational Safely and Health (NIOSH) recommended exposure limit (RF.L) not to be exceeded at any time for O, is 0 10 
ppm (NIOSH 1997); California Air Resources Board California ambient air-quality standard (CAAQS) for 0 3 is 0.09 ppm for 1-h exposure 
(CARD 1999); and World Health Organization guideline for O, is 0.06 ppm for 8-h exposure (WHO 2000). 

* Applies to use of carbon dioxide as a proxy for odors from bioeffluents; not a limit on exposure to carbon dioxide. 

" PM I0 = particulate matter less than 10 microns in diameter; PM 3 ,= particular matter less than 2.5 microns in diameter. 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 
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REGULATORY ASPECTS OF CABIN AIR QUALITY 

F AA has regulatory authority over the operation of civil aircraft, including 
aviation safety, stemming from the congressional passage of the Federal Avia¬ 
tion Act in 1958 (Public Law 85-726). In 1970, Congress passed the Occupa¬ 
tional Safety and Health (OSH) Act which was intended to ensure safe and 
healthful working conditions (Public Law 91-516), Under the OSH Act (Sec¬ 
tion 4[b][l]), federal agencies were granted the right to exercise jurisdiction 
over their own workers. In 1975, FAA asserted its jurisdiction over the safety 
and health of cockpit and cabin crew (40FR 29114, DOT 1975), Specifically, 
FAA stated in 40 FR 29114: 

Every factor affecting the safety and healthy working conditions of 
aircraft crew members involves matters inseparably related to the 
FAA’s occupational safety and health responsibilities underthe (Fed¬ 
eral Aviation] act With respect to civil aircraft in operation, the over¬ 
all FAA regulatory program, outlined in part above, fully occupies and 
exhausts the field of aircraft crew member safety and health. 

It is important to note that FAA regulatory authority over occupational 
safety and health applies when an aircraft is “in operation.” In operation is 
defined as the time starting when the aircraft is first boarded by a crew mem¬ 
ber, preparatory to a flight, to when the last crew member leaves the aircraft 
after completion of the flight, including stops on the ground during which at 
least one crew member remains on the aircraft even if the engines are shut 
down (40 FR 29114, July 10, 1975). 

In addition to its regulatory authority over cockpit and cabin crew, FAA 
is authorized to protect the health and safety of passengers, as expressed in 49 
USC 4010 ID and 49 USC 44701 A, which provide FAA with broad authority 
to maintain the safety and security of air commerce. 

As a result of that regulatory authority over safety and health, FAA has 
promulgated specifications for air quality in commercial aircraft in Federal 
Aviation Regulations (FARs): 14CFR21, 14 CFR25,14 CFR 121, and 14 
CFR125). Those regulations address O,, CO, carbon dioxide (C0 2 ), ventila¬ 
tion, and cabin pressure. Regulations in 14 CFR 25 are airworthiness stan¬ 
dards for commercial aircraft; they are intended as design specifictions for 
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22 The Airliner Cabin Environment and the Health of Passengers and Crew 

aircraft that are subject to certification under 14 CFR 21 2 In contrast, 14 
CFR 121 is intended as an operational standard and applies to domestic, flag 
(foreign), and supplemental air carriers. (Appendix C contains the F ARs that 
are relevant to cabin air quality.) Regulations similar to the U. S. regulations 
established by FAA are applied to European aircraft by the European Joint 
Airworthiness Authority (JAA) and are termed Joint Aviation Regulations. 

The air-quality design specifications in 14 CFR 25 are for ventilation, 0 3 , 
CO, and C0 2 . The ventilation standard (Section 25.831) requires that the 
ventilation system be designed to provide enough uncontaminated air to enable 
crew members to perform their duties without undue discomfort or fatigue and 
to provide reasonable passenger comfort. Specifically, for normal operating 
conditions, the ventilation system must be designed to provide each occupant 
with an airflow containing at least 0.55 lb of “fresh” air per minute, equivalent 
to 10 fWper min (efrn) at 8,000-ft cabin altitude. The ventilation standard was 
revised in June 1996 to include cabin occupants. Before June 1996, Section 
2 5.831 had specified only that for the crew compartment (the cockpit) a mini¬ 
mum of 10 cfm of fresh air per crew member (pilots and flight engineers) was 
required (61 FR 28683). 3 This ventilation standard was revised in June 1996 
to include cabin occupants. FAA determined that the change in the standard 
was needed because cabin crew members, who are active during flights, must 
be able to perform their duties in the cabin without discomfort and fatigue. In 
addition, FAA concluded that fresh airflow in the aircraft is necessary to pro¬ 
vide adequate smoke clearance in the event of smoke accumulation due to a 
system failure. 

The ventilation standard also specifies that the air of the cockpit and cabin 
must be free of harmful or hazardous concentrations of gases or vapors (14 
CFR 25, Section 831). According to the standard, CO concentrations in ex¬ 
cess of 1 part in 20,000 parts of air (50 ppm) are considered hazardous, and 
C0 2 concentrations during flight may not exceed 0.5% by volume (sea-level 


Certification is the process by which the FAA ensures that the design of aircraft 
complies with statutes and that these regulations and standards are met by manufac¬ 
turers and air carriers in the course of designing, producing, operating, and maintaining 
aircraft. 

3 Jt is important to note that this amended standard does not apply to existing 
aircraft types—whether produced in the past or the future. Rather, it applies to aircraft 
types (designed and certified after June 5, 1996) and derivatives for which an applica¬ 
tion for certification was filed on or after this date of the regulation. 
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Introduction 23 

equivalent 4 ) (5,000ppm) in compartments normally occupied by passengers or 
crewmembers. In 1996, the CO 2 regulation was reduced from3%by volume 
(sea-level equivalent) (30,000 ppm) on the basis of the 1986 NRC committee’s 
recommendation that 30,000 ppm was much higher than was recommended 
for other indoor environments (61 FR 63952). 

The FAR (Section 25.832) states that aircraft cabin 0 3 concentrations 
during flight must be shown not to exceed 0.25 ppm by volume (sea-level 
equivalent) at any time above flight level 320 (thatis, 32,000 ft or 10.7 km) or 
to exceed 0.1 ppm by volume (sea-level equivalent) for a time-weighted aver¬ 
age (TWA) during any 3-h interval above flight level 270 (27,000 ft or 9 km). 
The regulation is expressed in more detail as an operational standard in 14 
CFR 121. They are based on complaints of crew members and passengers 
about discomfort due to high 0 3 concentrations at high altitudes (DOT 1980) 5 . 

In addition to design standards for ventilation, CO, CO*. and 0 3 , FAA 
requires a cabin-pressure altitude of not more than 8,000 ft at the maximal 
operating altitude of the aircraft under normal conditions (Section 25.841). The 
standard was published in the FARs in 1964 (29 FR 18291, December 24, 
1964), but no rationale was evei provided. 

14 CFR 121, unlike 14 CFR 25, is an operational standard that not only 
describes the appropriate O, concentrations in the cabin at particular altitudes, 
but also specifies ventilation requirements (Section 121.219). Specifically, 
Section 121.219 states that each passenger or crew compartment must be 
“suitably” ventilated. In addition, Section 121.219 states that CO concentra¬ 
tions may not be more than 1 part in 20,000 parts of air (50 ppm), and fuel 
fumes may not be present. 


HISTORY OF PREVIOUS CABIN AIR-QUALITY STUDIES 

The NRC committee that produced The Airliner Cabin Environment 
(NRC 1986) addressed some of the same issues as the current committee. 
That committee was tasked with determining whether characteristics of cabin 


4 Sea-leveI equivalent refers to conditions of 25 °C (77°F) and 760 mm Hg (15 psi) 
(FAR 25, Section 832). 

'This regulation specifies that FAA will conduct spot checks to ensure the effec¬ 
tiveness of Oj control devices (14 CFR 25 and 121. Airplane cabin 0 3 contamination. 
Fed. Regist.45(14):3880-3885. January 27, 1980). 
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air could be responsible for health problems of passengers and cabin crew. 
The cabin air characteristics looked at included the quantity of outside air, the 
quality of onboard air, the extent of pressurization, the characteristics of 
humidification, and the presence of contaminants, such as bacteria, fungi, 
environmental tobacco smoke, CO, C0 2 , and 0 } . In response to its tasks, the 
1986 committee concluded that “empirical evidence is lacking in quality and 
quantity for a scientific evaluation of the quality of airlinercabin air or of the 

probability of health effects of short or long exposure to it” (NRC 1986). The 
committee proposed numerous conclusions and recommendations to FAA that 
addressed several air-quality issues, including environmental tobacco smoke 
(ETS), C0 2 ,0,, ventilation, and the need for exposure and health monitoring. 
Those most relevant to the current committee’s task are discussed below. 

• Ventilation. The 1986 report concluded that if the current equipment 
were used under full passenger loads, ventilation would be at the minimum for 
acceptable indoor air quality when smoking was not permitted and other con¬ 
taminant sources were not present The 1986 report recommended that be¬ 
cause ventilation rate was one of the controlling factors for cabin air quality 
and because air-quality data were insufficient, F AA should implement a data- 
collection program that measures airflow and contamination in aircraft cabins. 

• Carbon dioxide. The 1986 report recommended a review of the C0 2 
standard of 30,000 ppm, which was much higher than standards for other 
indoor environments, including workplaces. 

• Humidity. The 1986 report found no conclusive evidence of extensive 
or serious adverse health effects of low relative humidity. Therefore, it did not 
recommend supplemental humidification of cabin air. 

• Ozone. The 1986 report concluded that O, in aircraft could reach 
concentrations above those in the FARs. The committee recommended that 
F AA conduct a review to ensure that cabin O s concentrations comply with the 
regulations. 

• Environmental tobacco smoke. The 1986 report recommended a 
ban on smoking in all commercial domestic flights. 

• Bioaerosols. Because of the lack of data on bioaerosols in aircraft 
cabins, the committee could not conclude whether exposures posed a health 
hazard. Because of concern regarding the potential transmission of infectious 
agents, particularly while an aircraft is on the ground and the ventilation system 
is not operated at full capacity, the 1986 report recommended a regulation that 
requires removal of passengers from an aircraft within 30 minutes after a 
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ventilation failure or shutdown on the ground and maintenance of full ventila¬ 
tion whenever onboard or ground air conditioning is available. In addition, the 
1986 report recommended that maximal airflow be used with full passenger 
loads to decrease the potential formicrobial exposure and that recirculated air 
be filtered. 

• Volatile organic compounds. The 1986 committee found no studies 
on the concentrations of volatile organic compounds (VOCs) or substances 
that might be emitted from disinfectants or cleaning materials. 

• Pressurization. The 1986reporiconcludedthatcurrentpressurization 

criteria and regulations are adequate to protect the traveling public. However, 
it also concluded that the medical profession should use a more efficient sys¬ 
tem to warn those with medical conditions who might be at greater risk be¬ 
cause of reduced pressure. 

• Data collection. The 1986 report concluded that there was a lack of 
data for a scientific evaluation of aircraft cabin air quality and associated 
health effects. It recommended that FAA establish programs for the system¬ 
atic measurement (by unbiased groups) of CO, respirable particles (RSPs), 
biological agents, Oj, ventilation rates, and cabin pressure. It also recom¬ 
mended that FAA establish a program to monitor health effects of cabin crew. 

After the 1986 report, FAA adopted several of that committee’s recom¬ 
mendations. In 1988, Congress passed Public Law 100-202 banning smoking 
on commercial flights with durations less than 2 h. In 1989, legislation banned 
smoking on nearly all domestic flights with durations of less than 6 h (Public 
Law 101-164). In 1996, FAA reduced the CCU standard from 30,000 to 5,000 
ppm, on the basis of recommendations of the 1986 committee{61 FR63952). 
In response to the committee’s recommendation that FAA establish a program 
for the measurement of exposure variables, the Department of Transportation 
sponsored a study by Nagda et al. (1989) to evaluate health risks posed by 
exposures to ETS—including nicotine, RSPs, and CO—and other contaminants 
(0 3 .. bacteria, fungi, and C0 2 ) on randomly selected smoking and nonsmoking 
flights. FAA interpreted the 1986 committee’s use of the term program to 
mean a one-time study (DOT 1987). The current committee finds it regretta¬ 
ble that FAA interpreted the term that way, since the 1986 committee’s clear 
intent was to establish continuing monitoring and surveillance. 

Since the 1986 report and FAA’s response to its conclusions and recom¬ 
mendations (DOT 1987), a number of studies have made air-quality measure- 
ments on aircraft during commercial flights. Table 1-2 presents a summary of 
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TABLE 1-2 Contaminant Concentrations Reported in Published Studies 
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* Data from nonsmoking flights. 

1 Values represent those in cabin during cruise. 
c Range of means. 

“Particlesize range measured was not specified. 

' Values from Space e! al, (2000). 
r Geometric mean. 

2 Range varied depending on aircraft type. For B767 and D747, cabin-pressure altitude was 5,500-0,500 ft during cruise; for B737, approximately 
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some of the studies, showing the principal contaminants measured and reported 
concentrations (CSS 1994; ASHRAE/CSS 1999; Dechow 1996; Dechow et 
al, 1997; Haghigjhat at al. 1999; Lee et al. 1999; Nagda et al. 1989; Nagda et 
al. 1992;Nagda etal.2001;Spertgleretal. 1997; Watersetal.2001). Collec¬ 
tively, the studies presented in Table 1-2 measured a large number of contami¬ 
nants and characteristics, including 0 3 , C0 2 , CO, nitrogen oxides (NO,), par¬ 
ticulate matter (PM), VOCs, formaldehyde, bacteria, fungi, temperature, hu¬ 
midity, and cabin pressure altitude. Nagda et al. (1989) was the only study to 
measure air exchange rates, the rate at which cabin air is replaced with out¬ 
door air. The type of aircraft, the number of flights on which measurements 
were made, and how flights were selected for monitoring differed among 
studies. In addition, measuiementtechniques varied considerably. Most of the 
studies showed that relative humidity was below 20 to 30% minimum levels 
specified by ASHRAE for comfort (ASHRAE Standard 55-92; CSS 1994; 
Haghighat et al. 1999). Most of the studies showed that C0 2 concentrations 
were higher than ASHRAE standard 62, which would result in concentrations 
of about 1,100 ppm or less (ASHRAE standard 62; Haghighat et al. 1999; 
Nagda et al. 1989). (It is important to note that ASHRAE Standards 55-92 
and 62 are not explicit for aircraft, but rather are recommended levels for 
indoor buildings,) Table 1-2 indicates that average relative humidity ranged 
from 1 0.0%-42.6%, and average C0 2 concentrations from 386 to 1,756 ppm. 
Spengler et al. (1997), the only study that made concomitant measurements in 
other forms of transportation—including trains, interstate buses, and sub¬ 
ways—determined that concentrations of contaminants that were measured 
in aircraft cabin environments (C0 2 , CO, particles, VOCs, 0 3> and nitrogen 
dioxide, bacteria, and fungi) were similar to those observed in other forms of 
public transportation. 

In addition to the studies presented in Table 1-2, two independent inquiries 
into cabin air quality were recently conducted, by the British House of Lords 
(House of Lords 2000) and by the Australian Senate Rural and Regional Af¬ 
fairs and Transport References Committee (Parliament of the Commonwealth 
of Australia 2000). Those inquiries were motivated by complaints and growing 
public concerns regarding cabin air quality and associated healih effects. The 
House of Lords inquiry focused on air travel in general; the Australian Senate 
committee examined principally the British Aerospace 246(BAe 146) aircraft 
and concerns about exposures to engine oils. The House of Lords inquiry 
concluded that there was no significant impact of air travel on health for the 
majority of travelers, but it also noted the lack of knowledge on issues regard¬ 
ing the healthfulness of cabin air, and it recommended that the government 
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commission further research and that passengers be notified of health com 
cems regarding flying. The Australian Senate committee offered much stron¬ 
ger conclusions, including that cabin and cockpit crew flying B Ae 146 aircraft 
suffered occupational health effects of exposures to constituents of engine oils 
that took a long time to recognize. The committee’s recommendations were 
therefore more extensive and included the redesign of the B Ae 146 air circula¬ 
tion system, the introduction of regulations specifying air-quality monitoring and 
compulsory reporting guidelines for all passenger aircraft, and the development 
of a research program to study the effect of aircraft cabin air on cabin crew 
and passengers. 

Although more data on cabin air quality have been collected since the 1986 
NRC report, they have not been collected in a systematic manner that would 
conclusively address many of the questions that were raised in the 1986 re¬ 
port. Forthatreasonandbecauseofconcemsaboutotherpotential exposures 
in aircraft that were not addressed in the 1986 report (inc Iuding leaks of engine 
oil, hydraulic fluid, and deicing fluid, and exposure to pesticides), another NRC 
study was commissioned. 


ORGANIZATION OF THE REPORT 

The remainder of this report is organized into seven chapters. Chapter 2 
presents information on the purpose and operation of the aircraft environmental 
control system (ECS). Chapter 3 addresses sources of chemical contaminants 
in aircraft; it focuses on the different types of exposures (including exposure 
sources inside and outside the aircraft) and how the ECS can act as a contami¬ 
nant source. Chapter 4 reviews exposure and health data on biological agents; 
biological agents associated with hypersensitivity diseases are discussed first, 
followed by a discussion of agents that cause infectious diseases. Chapter 5 
presents health effects of exposure to chemical contaminants; its emphasis is 
on the toxicology of chemical contaminants that are of greatest concern. 
Chapter 6 reviews the current database of health-surveillance and epidemiol¬ 
ogy studies. Chapter 7 addresses air-quality measurement techniques and 
applications that are available for gathering the necessary' data. Chapter 8 
explores the approaches needed to address the outstanding questions regarding 
aircraft cabin air quality; specifically, it lays out a surveillance and research 
program that integrates health-surveillance and air-quality monitoring tech¬ 
niques. 
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2 

Environmental Control 


Commercial jet aircraft are designed to carry passengers safely and comfort¬ 
ably from one point to another. The external environments of the aircraft 
include taxiing, takeoff, cruise, and descent; outside temperature from below 
-55°C (-65 c F)to over 50°C (I22°F>; ambient pressure from about 10.1 kPa 
(1.5 psi) to 101 kPa (15 psi); and water content from virtually dry to greater 
than saturation. For aircraft to transport people in those extremes of external 
environment, they are equipped with environmental control systems (ECSs) 
that provide a suitable indoor environment. 

A number of aircraft systems are involved in meeting the environmental 
needs, including the propulsion system (engines), which is a source of pressur¬ 
ized air; the pneumatic system, which processes and distributes the pressurized 
air; and the ECS, which conditions the pressurized air and supplies it to the 
cabin. For the purposes of this report, each component or subsystem that is 
integral in providing the necessary environmental conditions in the aircraft 
cabin is considered to be part of the ECS, even if it is technically part of an¬ 
other aircraft system. 

This chapter first describes the important functions of the ECS, including 
background information on principles of ventilation, temperature control, and 
humidity control. It then describes the equipment and subsystems that make 
up the ECS; the descriptions of aircraft systems in this chapter apply princi¬ 
pally to large aircraft (more than 100 passengers) and might not be applicable 
to all aircraft. Finally, standards that are potentially related to aircraft cabin 
environments and aircraft ECSs are examined. 
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ENVIRONMENTAL CONDITIONS 

During flight, the aircraft cabin is a ventilated, enclosed environment 
whose occupants are totally dependent on the air provided by the ECS. The 
ECS is designed to provide a healthy and comfortable environment for the 
aircraft occupants from the time crew members and passengers first board for 
a flight until all passengers and crew members deplane after a flight. The ECS 
must pressurize the aircraft cabin and maintain its temperature within tolerable 
limits. Most other functions are subordinate to those requirements at cruise 
altitudes. 

The aircraft ECS is different from ECSs used in most other applications, 
such as buildings and surface vehicles, in that it must be able to operate in 
extremes of temperature, ambient air quality, and air pressure. The primary 
role of an aircraft ECS is to protect the occupants of the aircraft from those 
extreme conditions. Commercial aircraft operate over a broad range of tem¬ 
peratures from -55°C to 5Q°C (-65°F to 122°F) at ground level and as low as 
-80°C (-1I2°F) at an altitude of 12,000 m (39,400 ft). As shown in Figure 
2-1, at a typical cruise altitude of 11,000 m (36,000 ft), the air temperature is 
usually about -55°C (-65°F) but can range from about 70°C to -30°C 
(-92°F to -20°F) (ASHRAE 1999a). 

More critically, at a typical cruise altitude of 11,000 m (36,000 ft), the 
atmospheric pressure is only about one-fifth that at sea level (Figure 2-2). 
Although the relative concentration of oxygen at that altitude is nearly the 
same as at sea level, the partial pressure of the oxygen (P0 2 ) is only about 4.7 
tPa(0.69 psi) compared with 21 kPa (3.1 psi) at sea level and is far below 
what is necessary to sustain human life. Furthermore, the ambient air quality 
on the ground and at low altitudes can range from pristine to extremely polluted 
in urban environments. The ECS meets those needs through integrated sub¬ 
systems that pressurize the cabin when in flight, control thermal conditions in 
the cabin, and ventilate the cabin with outside air to prevent a buildup of con¬ 
taminants that might cause discomfort or present a health hazard. 


Pressure 

In flight, the ECS maintains the cabin pressure and therefore the oxygen 
partial pressure at acceptable levels by compres sing the low-pressure outside 
air and supplying it to the cabin. The air pressure in aircraft cabins is com- 
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FIGURE 2*1 Typical temperature design conditions for aircraft. Source; Adapted from ASHRAE 1999a. 
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monly expressed as a “pressure altitude” equivalent. Cabin pressure altitude 
is the distance above sea level at which the atmosphere exerts the same pres¬ 
sure as the actual pressure in the aircraft cabin. The relationship between 
atmospheric pressure and pressure altitude is based on the corresponding 
curve in Figure 2-2. The minimal cabin pressure is set by Federal Aviation 
Regulation (FAR) 25, which requires the pressurization system to “provide a 
cabin pressure altitude of not more than 8000 ft [2,440 m]” under normal 
operating conditions. This limit of2,440 m (8,000 ft) corresponds to a cabin 
pressure of 75 kPa (10.9 psi) as shown in Figure 2-2. Thus, the cabin pressure 
can range from a maximum of 101 kPa (14.7 psi) on the ground at sea level 
to a minimum of 75 kPa (10 .9 psi) in flight regardless of the altitude at which 
the aircraft flies. 

The primary purpose of the pressurization is to maintain the P0 2 at accept¬ 
able levels. Figure 2-2 shows that P0 2 values at sea level and at a pressure 
altitude of2,440 m (8,000 ft) are 21 kPa (3.1 psi) and 16 kPa (2.3 psi), respec¬ 
tively. Thus, the minimal P0 2 allowed in the aircraft cabin at the maximal 
allowed cabin pressure altitude of 2,440 m (8,000 ft) is 74% of the sea level 
value (Federal Aviation Regulations (FAR) Section 25.841). 

In addition to generating enough pressure to maintain the necessary PO, 
in the cabin, the ECS must prevent rapid changes in cabin pressure. Rapid 
changes in pressure can cause changes in the volume occupied by gases in the 
body cavities and result in discomfort. Controlling the rate of change in pres¬ 
sure is particularly important dunng ascent and descent. During normal opera¬ 
tion, the rate of change in cabin pressure altitude is limited to not more than 5 
m/s (about 1,000 ft/min), sea-level equivalent, during climb and 2.3 m/s (450 
ft/min) during descent (ASHKAE 1999a), 

The aircraft skin and pressure bulkhead at the rear of the cabin form a 
pressure hull that allows the aircraft to withstand the pressurization necessary 
during flight. In flight, pressurized air from the engine compressors is supplied 
continuously to the cabin, and the cabin pressure is controlled by outflow 
valves; the valves are automatically controlled to maintain cabin pressure but 
can be manually overridden by controls in the cockpit. 

For structural reasons, the difference between internal and external pres¬ 
sures is not allowed to exceed about 55-62 kPa (8-9 psi), depending on the 
aircraft. On some aircraft, the cabin pressure altitude is controlled to the 
lowest possible value (highest cabin pressure) and would not reach 2,440 m 
(8,000 ft) until the aircraft reaches its maximum operational altitude (e.g., 
14,300 m [47,000 ft]). On other aircraft, the cabin pressure altitude is con- 
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FIGURE 2-2 Rffect of altitude on atmospheric pressure. 
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trolled to the highest allowed value (lowest pressure) to minimize structural 
loads from pressurization. Because of the interrelationships between flight 
altitude, cabin pressure, and structural load on the aircraft, any change in pres¬ 
sure altitude requirements will affect the altitudes at which many aircraft can 
operate. 


Contamination 

Contaminants generated in the aircraft cabin air are eliminated by ventilat¬ 
ing the cabin with outside air. The compressed outside air that is used for 
pressurization inthe cabin is the sameairthatis used for ventilation. Pressur¬ 
ization and ventilation, however, serve very different purposes. For ventilation, 
outside air is used to dilute contaminants in the air and flush them out of the 
cabin. As described belo w, the rate of flow of outside air has a substantial and 
direct impacton the concentration of contaminants in the cabin air. The flow 
rate has a negligible effect on the PCb, in thatonly a tiny portion of the oxygen 
in this air is consumed by the aircraft occupants. A typical sedentary adult 
consumes oxygen at about 0.44 g/min (0.001 Ib/min) (Nishi 1981). With the 
FAR 25 minimal design outside-air flowrate of0.25 kg/min (0.55 lb/min) per 
cabin occupant, oxygen is brought into the cabin at0.058 kg/min (0.127 lb/min) 
per person. Oxygen consumption by the occupants reduces the PO, levels by 
about 0.8% in this case, compared, with a PO, reduction of up to 25% due to 
the reduced cabin pressure, as explained earlier. Thus, adequate oxygen 
concentrations in the cabin are maintained, even at ventilation rates far below 
those specified in FAR 25, as long as the cabin is adequately pressurized. 

Contaminants can originate in the cabin itself or in sources outside the 
cabin. Furthermore, the concentrations of contaminants in the cabin are sub¬ 
ject to change as a result of fluctuations in the source emission and ventilation 
rates. Some contaminants degrade or react with other chemicals in the cabin. 
The following sections discuss the generation, distribution, and elimination of 
contaminants in cabin air. 


Contaminants Originating in the Cabin 

The basic steady-state ventilation equation for a particular contaminant “i” 
may be expressed as follows (derived from ASHRAE 1997a): 

D c ., = D 0il + S,/V„, (2-1) 
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where 

D t is contaminant density in cabin air, kg/m 3 (Ib/ft 3 ), 

D„ is density of contaminant in outside air used for ventilation, kg/m 3 
(lb/ft 3 ), 

S is strength of contaminant source, kg/s (lb/s), and 
V 0 is ventilation rate of outside air, tnVs (ftVs). 

To be accurate, both V 0 and D o i should be evaluated at cabin temperature and 
pressure (see Box 2-1). For gaseous contaminants, it is easier to work in 
terms of concentrations Tather than densities, and the above equation can be 
expressed as follows: 

C, i = C lii + (S,MW ] )/(m t MWJ, (2-2) 


where 

C t is volume fraction of contaminant in cabin air, 

C c is volume fraction of contaminant in outside air used for ventilation, 
S is strength of contaminant source, kg/s (lb/s), 
m D is ventilation rate of outside air, kg/s (lb/s), 

MW, is molecular weight of air (28.96), and 
MW is molecular weight of contaminant. 

An example of the application of Equation 2-2 for carbon dioxide (C0 2 ) 
is as follows. The CO, concentration in the cabin air may be related to the 
rate at which outside air is supplied to the cabin by the ventilation system. A 
typical sedentary person will generate C0 7 at about 7.7 x 10' 6 kg/s(ASHRAE 
1999b). The concentration ofC0 2 in clean outdoor air is about 0.037%. The 
molecular weight of C0 2 is 44.01 g/mol. Ifthe occupants are the only source 
of C0 2 in the cabin. Equation 2-2 becomes 

Cc,co2 = 0.00037 + N(7.7 * 10- 6 )(0.658/m o ), (2-3) 

where N is the number of occupants and 0.658 is the ratio of the molecular 
weights of air and CO,. Equation 2-3 can be used to relate ventilation rates 
to measured values of C0 2 concentrations as long as respiration is the domi¬ 
nant source of C0 2 in the cabin and the outside CO, concentration is not 
above typical values. The CO, concentration with die FAR25 minimal design 
ventilation rate for aircraft of 0.0042 kg/s per person (0.25 kg/min) can be 
estimated as 
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C^o* = 0.00037 + (7.7 * 1 O^XO.658/0.0042) - 0.00158 = 1,580 ppm. 

Other ventilation rates will result in higher or lower CO., concentrations ac¬ 
cording to Equation 2-3. It should be pointed out that C0 2 , at the concentra¬ 
tions present in this example is not noticeabteby the occupants, nor is it consid¬ 
ered hazardous. However, occupant-generated C0 2 is produced roughly in 
proportion to other occupant-generated bioeffluents that can affect perceived 
air quality. The concentration of C0 3 is sometimes used as an indicator of the 
concentration of other contaminants (ASHRAE 1999b). 

The ventilation requirements in the FAR are given in terms of mass flow. 
However, it is common to state ventilation flows in volumetric terms such as 
liters per second or cubic feet per minute; this practice can lead to confusion 
in that the relationship between mass flows and volumetric flows depends on 
the ambient pressure and temperature (see Box 2-1). 


Contaminants Originating Outside the Cabin 

The preceding di sc ussion dealt with contaminants that are generated in the 
cabin and that can be effectively controlled by ventilation. However, other 
contaminants canbe in the outside air, such as ozone ((), ) or can be picked up 
in the air supply system, such as leaking oil. Obviously, it is not possible to 
control or eliminate those contaminants through an increased ventilation flow 
rate. If the source of the contaminant exists for only a short time (e .g., during 
deicing), effective control can be achieved by turning off the flow of outside 
air while the source is present. Thatcontrol measure is not an option in flight, 
because of the requirements for pressurization; nor is it an option when the 
source is present for more than a short time (e.g., 1 5 min). Some reduction in 
concentrations of such cabin air contaminants can be achieved by using the 
minimal practical flow of outside air and increasing the flow of recirculated air 
ifthe recirculation filters are effective at removing the contaminants in ques¬ 
tion (see recirculation section later in this chapter). 

At high altitudes, especially at high latitudes, O, concentrations in the 
outside air can be high enough for their introduction into the cabin to result in 
0 3 concentrations that exceed the FAR 25 limit of 0.25 ppm by volume at any 
time above 32,000 ft (9,800 m) or above a time-weighted average of 0.1 ppm 
during any 3-h flight above 27,000 ft (8,200 m). Therefore, catalytic destruc¬ 
tion of the 0 3 in the incoming air is used on some aircraft ECS to meet the 
FAR requirement. 
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'BOX 2-h Units for Expressing Ventilation 

it is .cbnirtion to express, ventilation flow rates in volume tric'terms—liters per 
'second-(Lis) or cubic feet per rainu:e.(cfrn). However, this practice leads to.-, 
ambiguity unless the pressure and temperature are also staled. Air density is 
■ proportional to atmospheric pressure ana inversely proportional to absolute ,... 
(emjiCTatutt. Thus, ait that will occupy 1 in’.(?5 ft'’) at sea level will expand to 
over- 3 itV (106 ft 5 ) at pressures, ard temperatures typical of outside air at cruise . 
.altitudes. The importance- of this effect can be demonstrated by examining the- 1 • ■ • 
ventilation requirement of 6.2:5 kg'niiu (0.55 ifcv'min) in FAR 25. At sea level, and 
tife standard atmospheric temperature of 15°C (59 ; F), tliecorrespoitding 
volumetric flow rate is 3.4 Ids (7.2 cfm); at the .maximal allowed cabin pressure , \ 
altitude- of 2,440 art (8,000 ft>and a typical cabin-temperature of22°C (72“h'), it is 
4:7.174(9-9 cfm). At ambient atmospheric pressure at an altitude of 12,000,1)1 
■'(39,300 ft) and standard atmospheric temperature oi- -6.3'C (-81°F), the flow rate is 
.■13,017s (27.6 cfm). ' ' 

; Fey; ventilation purposes, the mass flow rate, not the volume-flow rate, i.s most ' 1 

' Titiportant. Thus, FAR 25 is correctly stated in this regard. Unfortunately, the ., J 
(data; on ntost-vonnlation systems, including aircraft ventilation systems, arc; : 
••expressed in terms of volumetric flow. Temperature and pressure information , 

,. gctt'cntHy-ih not included with those, data, so there can be uncertainty as 'ta the 
amount; of air flowing. For ajj, craft, it can be assumed that the flow-data-donbi '.' 
cpYrcspcnd to cutedc irmbtent condihpPii at crutsif altitudes.-llowsveiy it is not 
•aW ays; cleat whether they correspond -to- cabin caadiliuns,' statulard coiiditlpus,. 

; or 1 * meother,ccgtdffioiis. . y" ’ - 1 . .. 


With the exception of 0 3 , the outside air at cruise altitudes is generally 
quite pure and requires no additional cleaning. The outside air at or near 
ground level, however, can contain a wide variety of contaminants from indus¬ 
trial and urban sources. In addition to outside air contaminants, leaking hydrau¬ 
lic fluid, spilled fuel, or deicing fluid can be entrained in the air supply systems; 
few, if any, aircraft have cleaning systems to remove any of these contami¬ 
nants. 


Transient Response of Cabin Environmental Conditions 

Equations 2-1 through 2-3 describe contaminant concentrations under 
steady-state conditions. Contaminant concentrations in the cabin do not 
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change immediately when the controlling characteristics of ventilation flow rate 
and contaminant source strength are changed. It takes time for contaminant 
concentrations to build up to steady-state conditions after introduction of a 
source and to decline after the source is removed or ventilation begins. The 
time it takes for contaminant concentrations to approach steady-state condi¬ 
tions in aircraft is short, typically around 5-15 min, and is proportional to the 
quantity derived by dividing the volume of the space being ventilated by the 
ventilation rate. Such a rapid response means that there is only a short lag in 
the buildup of contaminants once they are introduced. ft also means that the 
contaminants are flushed from the cabin quickly once the source is eliminated. 
In that respect, aircraft differ from buildings, in which it can take several hours 
to reach a steady state when ventilation rates are those recommended in 
American Society of Heating, Refrigeration, and Air-conditioning Engineers 
(ASHRAE) Standard 62 (1999b). 

Because contaminants can concentrate so quickly in an aircraft cabin, it 
is important that the ECS not be shut down for an extended period when the 
aircraft is occupied (except in an emergency). When the ECS is not operating, 
contaminant concentrations can become excessive and temperature uncom¬ 
fortably high rapidly—in less than 15 min for a folly loaded aircraft in a hot 
environment. 


Reactive Contaminants 

Some contaminants react with other substances or decompose after they 
enter the cabin environment. Whether the contaminants decompose or com¬ 
bine with other chemicals once they are in the cabin can have an important 
effect on the contaminant concentrations in the cabin (Weschler and Shields 
2000). The residence time of a contaminant in the cabin (the average length 
of time from introduction of the contaminant until it is flushed from the cabin 
by ventilation) has an important influence on the concentration of reactive 
contaminants in that it determines how long a c ontaminant has to decompose 
or react. As with transient responses discussed previously, residence time is 
proportional to the quantity derived by divid ing the volume of the space by the 
ventilation flow rate, so residence time in aircraft is typically much shorter than 
in buildings. Residence time is particularly important for 0 3 and its byproducts 
(see Chapter 3 for additional discussion). 
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Temperature Control 

Temperature control in the aircraft cabin is critical for safety at high alti¬ 
tudes and is important for occupant comfort at all altitudes. Comfortable 
conditions are maintained in the cabin by supplying cool or warm air to the 
cabin as needed. Because of the high occupant density, cooling of the cabin 
is required in most circumstances, particularly on the ground and at low alti¬ 
tudes in warm climates. Supplying air to the cabin at an appropriate tempera¬ 
ture is a key function of the ECS. 

The temperature ofthe air that must be provided to the cabin can be deter¬ 
mined from the steady-state heat balance for an aircraft cabin, which in equa¬ 
tion form is analogous to Equation 2-2: 

T c = T s + (Q/m s )(l/c p ), (2-4) 


where 

T c is the temperature of the air in the cabin, °C (°F), 

T s is the temperature of the air supplied to the cabin, °C (°F), 

Q is the amount of heat that must be removed from the cabin, W (Btu/s), 
m, is the flow rate of conditioned air supplied to the cabin, kg/s (Ib/s), and 
c p is the specific heat of the air, 1000 J/kg-“C, (0.25 Btu/lb ,0 F). 

The ECS designer must determine the combination of ny and T s that will result 
in the desired T, for a given Q. 

The air conditioning systems can provide air at a wide range of tempera¬ 
tures. However, there is a lower limit at which air can be supplied to the cabin 
without creating uncomfortable cold drafts near the inlets, typically about 10°C 
(50°F), and even at that temperature only with good aircirculation in the cabin 
and good diffuser design (ASHRAE 1997a). Consequently, the systemmust 
be designed with an air flow rate that is adequate to meet the largest heat load 
with this temperature of supply air. An example will demonstrate this princi¬ 
ple. 

The average heat generation by a comfortable, sedentary person, exclud¬ 
ing heat loss due to evaporation of moisture, is about 70 W (ASHRAE 1997b), 
The total heat load in an aircraft cabin will include heat loads from electronics 
and heat gain through the aircraft skin. For the purpose of this example, the 
total heat load will be taken as twice the occupant-generated amount, or 
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140 W/person. If the cabin temperature is kept in the middle of the ASHRAE 
“comfort envelope” (ASHRAE 1992) at 23°C and the air is supplied to the 
cabin at 10°C, Equation 2-4 can be used to determine the required rate of flow 
of conditioned air to the cabin: 

23°C - 1G°C + (140^^(1/1,000) => m s = 0.0108 kg/s-person = 

0.646 kg/min-person. 

That is, adequate temperature control in the cabin requires that conditioned air 
be supplied to the cabin atabout 0.65 kg/min (1.4 lb/min) per person to main¬ 
tain a comfortable temperature. This requirement is more than twice the FAR 
25 requirement of 0.25 kg/min per person for outside air and provides one 
rationale for recirculating cabin air (see section on recirculation). 


Air Distribution and Circulation 

The ventilation system does more than supply outside air to the cabin. It 
also distributes and circulates air in the cabin. Moving outside air into the cabin 
at one or a few locations will not provide adequate contaminant removal and 
acceptable thermal conditions throughout the cabin. On the contrary, parts of 
the cabin would get very cold and other parts hot; similarly, parts of the cabin 
would have clean, fresh air and otherparts stagnant, stale, and unpleasant air. 
An important function of the ECS is to distribute fresh air throughout the cabin 
by providing good air circulation for uniform temperature conditions; another 
is to flush out contaminated air. 

F igure 2-3 shows an example of air circulation in an aircraft cabin. Typi¬ 
cally, air is supplied and exhausted along the whole length of the cabin. Al¬ 
though the air mixes locally in the cabin, the air supply and air exhaust flow 
rates aie matched along the length of the cabin as much as possible to mini¬ 
mize net flows along the length of the aircraft. Distribution of the air to the 
cabin occurs through diffusers located in the center of the ceiling of the aisles, 
above the windows, oralongtheoverheadbaggagecompartments. Generally, 
it is supplied to the cabin from one or more linear diffusers that run the length 
of the cabin. Wide-body aircraft, in particular, use multiple diffusers. 

The velocities and circulation patterns in the cabin are determined by the 
location, configuration, and flow rates of the inlet diffusers. The incoming air 
must be balanced with exhaust of an equal amount of air from the cabin. 
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FIGURE 2-3 Cross-section of aircraft with air circulation paths. 


Exhausted air generally is removed from the cabin at floor level and atthe side 
walls and sometimes through the ceiling. Some of the exhausted air is recircu¬ 
lated to the cabin after passing through a filter, the balance of the exhausted 
air may pass around Or through the cargo hold before being dumped overboard 
through an outflow valve. Exhaust fans extract air from the lavatories and 
galley areas, and it is ducted directly to the outflow valves to avoid contaminat¬ 
ing air in other parts of the cabin with odors or other contaminants from these 
areas. 

Ideally, the spread of contaminants along the length of the cabin is avoided 
by balancing inflow and outflow at all locations. That is not 100% effective 
even if the inlet and exhaust flows are perfectly matched at all locations, inas¬ 
much as the circulation generated by the ECS transports contaminants from 
one part of the cabin to other parts and a substantial random component of the 
air motion transports airborne contaminants in all directions. Random velocity 
components of about 0.1 -0.2 m/ s (20-40 fpm) may exist throughout much of 
the occupied zone of a typical aircraft cabin (Jones et al. 2001). 

The need for circulation to provide thermal uniformity generally sets the 
requirement for the total flow rate of air that must be supplied to the cabin. 
The circulation is induced by the air flowing out of the diffusers into the cabin; 
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with good diffuser design, the circulation will be greater than the incoming flow 
byafactorof5ormore(ASHRAE 1997a). IfAT al is the maximal acceptable 
temperature variation from one spot to another in the cabin, the minimal ac¬ 
ceptable tempetature of the inlet air is given, to a first approximation, by 

Tj = T t - K AT,|, (2-5) 

where 

T; is the temperature of the air supplied to the cabin, °C (°F), 

T- is the temperature of the cabin air, °C (°F), and 

K. is the ratio of the circulation to the inlet air flow, dimensionless. 

If conditioned air is supplied directly to the cabin, T, is the same as T s in Equa¬ 
tion 2-4, and the flow rate of air, m,, must be set accordingly. If the condi¬ 
tioned air is first mixed with recirculated air, T ; will be greater than T s , and the 
total flow rate of air will be greater than the flow rate of conditioned air re¬ 
quired according to Equation 2-4. 


Recirculation 

Aircraft designers have four important factors that must be considered 
when determining flow rate requirements for the ECS: the flow rate of out¬ 
side air required to remove contaminants from the cabin, the flow rate of 
conditioned air required to remove heat from the cabin, the total flow rate 
of air required to provide adequate circulation in the cabin, and the flow rate 
of outside air required to pressurize the aircraft. In older aircraft (see Table 
2-1), all the air supplied to the cabin cotriCS from outside air, as shown in Figure 
2-4. The flow rate of outside air must be large enough to meet the maximums 
of all four requirements even though it results in outside air flow rates larger 
than specified in FAR 25. This practice is inefficient in that supplying com¬ 
pressed air to the cabin in flight has a substantial energy cost. 

The FAR 2 5 requirement for outside air for ventilation purposes is gener¬ 
ally more than adequate for pressurization purposes as well; in the context of 
this discussion, pressurization is not a controlling factor for determining flow 
rates. The flow requirements needed to address the three remaining factors 
do not necessarily coincide. It was seen in a previous example that the re¬ 
quired flow of conditioned air required for temperature control could be more 
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FIGURE 2-4 Cabin air supply without recirculation and with recirculation: (A) without 
recirculation—all flow of air to cabin comes from outside air. and flow rate of outside 
air must be large enough to meet greatest needs for cabin air circulation, temperature 
control, and contaminant control; (B) with recirculation—total flow of air to cabin is 
outside air flow and recirculation air flow combined. Flow rate of outside air is matched 
to needs for contaminant and temperature control and extra flow needed for cabin 
circulation is met with recirculation air. 
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TABLE 2-1 Basic Characteristics of Aircraft Ventilation Systems 


Aircraft 


Air Source 


Air Recirculation, %* 

No, Air Exchanges per Hour a,l! 

Manufacturer Model No. 

Ram Ait 

Bleed Air 

Cabin 

Cockpit' 

Cabin 

Cockpit' 

Boeing 

707.720 








Turbojet 

y 


0 

0 

NA 

NA 


Turbo fan 


/ 

0 

0 

NA 

NA 


727-100 

Backup 

y 

0 

0 

21.6-24.8 

31.7-36.2 


727-200 

Backup 


0 

0 

23.6-29.2 

42.2-56.8 


737-100 


y 

0 

0 

12.0-26,1 

17.5-43.5 


737-200 


y 

0 

0 

11.0-23.9 

17.5 43.5 


737-300 


y 

37-47 

0 

21.8-24.8 

35.0-40.5 


7-17-100 


y 

23-27 

0 

19.2-22.6 

29.9-37.1 


747-200 


y 

23-27 

0 

19.2-22.6 

29.9-37.1 


747-300 


y 

23-27 

0 

18.0-21.3 

29.9-37.1 


757 


y 

48-55 

0 

29.7-34.3 

57.G-61.9 


767-200 


y 

45-53 

49-55 

20.1-24.6 

61.3-68.4 

Douglas 

DC-fi-10 

/ 

Backup 

0 

0 

20.3 

22.8 


DC-6-50 

/ 

Backup 

0 

0 

20.3 

22.8 


DC-8-62 

/ 

Backup 

0 

0 

19.2 

22.8 


DC-8-71 

/ 

Backup 

34-49 

0 

26.6-31.5 

25.0-35.7 


DC-8-72 

/ 

Backup 

34-49 

0 

20.9-24.7 

25.0-35.7 


DC-8-73 

/ 

Backup 

34-49 

0 

26.6-31.5 

25.0-35.7 
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DC-9-10 

/ 

0 

0 

20.6-27.4 

39.2-52.5 


DC-9-20 

y 

0 

0 

20.6-27.4 

39.2-52.5 


DC-9-30 

y 

0 

0 

13.3-27,3 

32.7-66.8 


DC-9-40 

y 

0 

0 

12.2-25.0 

32.7-66.8 


DC-9-50 

y 

0 

0 

11.1-22.9 

32.7-66.8 


MD-81 

y 

0-44 

0 

16.7-25.9 

35,3-67.2 


MD-82 

/ 

0-44 

0 

16.7-25.9 

35.3-67.2 


DC-10 

y 

0 

(originally) 

0 

21.6-23.2 

77.5-83.8 


DC-10 

y 

38 

0 

21.6-23.2 

77.5-83.8 

Airbus 

A-300-100 

y 

0 

0 

61.0-19.0 

66.4-78.7 


A-300-200 

y 

0 

0 

61.0-19.0 

66.4-78.7 


A-300-300 

y 

0 

0 

61.0-19.0 

66.4-78,7 


A-300B4-600 

y 

41-53 

0 

21.0-25,3 

46.2-58.6 


A-310-200 

y 

37-53 

0 

20.6-25.4 

49.1-64.1 

Lockheed 

L-1011-1 

y 

O 

0 

14.0-29.7 

36.3-77.4 


L-1011-100 

y 

0 

0 

14.0-29.7 

36.3-77.4 


L-1011-200 

y 

0 

0 

14.0-29.7 

36.3-77.4 


L-1011-500 

y 

0 

0 

15.2-32.3 

36.3-77.4 


0 Based on reported full-flow schedule. Air exchange rates reported include data on takeoff, climb, cruise, and descent. 

0 Includes outside aiT and recirculated air when applicable. 

c Data provided for comparison with recirculation and air exchange rates in passenger cabin. 

Source: Adapted from Lorengo and Porter (1986). 

vo 
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than twice the FAR-specified value for outside air for contaminant control. 
The practice of recirculation was introduced to address this issue. As shown 
inFigure 2-4B, recirculation is accomplished by extracting air from the cabin 
and mixing it with conditioned outside air. Recirculation provides two benefits: 
it allowsthe total airflow rate to be higher than the flow rate of outside air, so 
good circulation in the cabin can be maintained independently of the flow of 
outside air; and the conditioned air is mixed with the comparatively warm 
recirculated air before being introduced into the cabin. Consequently, the con¬ 
ditioned air can be supplied at a much lower temperature (T s in Equation 2-4) 
without causing discomfort from cold drafts, and the maximal flow rates of 
conditioned air required for temperature con trol can be reduced to match those 
required for contaminant control more closely. 

Because recirculation removes air from the cabin and returns it to the 
cabin, it has no effect on average contaminant concentrations throughout the 
cabin, if it is unfiltered. Equation 2-2 still applies, and the average concentra¬ 
tion of contaminants in the cabin air isdetermined by the flow rate of outside 
air, independently of the amount of recirculation. If the recirculation air is 
cleaned of contaminants, it has the same effect on contaminant concentrations 
in the cabin air as does clean outside air. 

Current practice is to use only particle filters on recirculation air. Filter 
efficiencies are at least 40% (Mil Std 282) on the MD-80 series, but exceeds 
93% on all other aircraft' (Mil Std 282) (Boeingresponses to NAS, April 10, 
2001). Most aircraft manufactured moTe recently use HEP A filters. HEP A 
filters are highly effective (99.97% efficiency. Mil Std 282). Air filters arc 
generally changed at the aircraft scheduled “c”-check, generally between 
4,000 and 12,000 flight-hours (J. Lundquist, Pah Aerospace, personal communi¬ 
cation, July 5,2001). HEPA filters remove essentially all airborne pathogens 
and other particulate matter from an airstream that passes through them with 
a minimal efficiency of99.97% for Q.3-fim particles. Although they are effec¬ 
tive in removing particles, including bacteria and viruses, from the recirculated 
air and preventing their spread through the cabin by this route, they do not 
remove gaseous contaminants. Chemical adsorption of gaseous contaminants 
with activated charcoal or other types of filters may be used to clean the 


'Rating based on ASHRAE Standard 52 1-199?, Gravimetric and Dust-Spot Pro¬ 
cedures for Testing Air-Cleaning Devices Used in General Ventilation for Removing 
Particulate Matter , American Society of Heating, Refrigerating and Air Conditioning 
Engineers. 


PM3006448976 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 




The Airliner Cabin environment and the Health of Passengers and Crew 

-htm), copyright 21X12. 21X>1 The National Academy ot‘ Sciences, uJl rights reserved 


Environmental Control 51 

recirculation air. These filters are available as an option on some aircraft to 
adsorb organic gases that are not trapped by the HEPA filters, but they are not 
widely used. 

It should be emphasized thatrecirculation air is not a substitute for outside 
air and that the flow rate of outside air required to maintain acceptable concen¬ 
trations of gaseous contaminants is not reduced by using recirculation. Fur¬ 
thermore, the use of recirculation has no detrimental effect on cabin air quality 
for a given rate of flow of outside air and, when combined with effective 
HEPA filtration, does not contribute to the spread of infectious agents in the 
cabin. 

Recirculation air is obtained from the area above the cabin, under the floor, 
orboth. Only air from the passengercabin is recirculated. Airfrom the cargo 
bay, lavatories, and galleys is not recirculated (Boeing Co. 1988) but is sepa¬ 
rately vented overboard so that odors and cargo-bay fire-fighting chemicals 
that could be used in the event of a fire are not introduced into the cabin (Boe¬ 
ing Co. 1995). 

The flow rate of outside air per seat ranges from 5.9 to 9.6 L/s (12.4 to 
20.4 cfm) on older aircraft without recirculation and from 3.6 to 7.4 L/s (7.6 
to 15.6 cfm) on aircraft with recirculation (M. Dechow, Airbus, personal com¬ 
munication, Feb. 16 and March 8,2001; Boeing responses to NAS, April 10, 
2001). The percentage of recirculated air distributed to the passenger cabin 
typically is 30-55% of the total air supply. Some models of aircraft can use 
different amounts of recirculation or turn recirculation off. Other models are 
programmed to use different amounts of recirculated air during climb or de¬ 
scent compared with cruise. 

Table 2-1 summarizes the characteristics of the ventilation systems of 
various aircraft models (adapted from Lorengo and Porter 1986). It shows 
that most aircraft use bleed air rather than ram air as the source of cabin air, 
and it demonstrates that as aircraft have moved from 100% bleed air to 
recirculated air, the amount of outdoor air has decreased. 

The use of recirculation has been common in the design of budding envi¬ 
ronmental control systems formany years. In contrast with aircraft, in which 
the total air flow to the cabin varies from 0% to 55% of recirculated air, build¬ 
ing environmental control systems are commonly designed and Operated with 
up to 90% recirculated air. However, the buildings still must maintain flow 
rates ofoutsideairofabout0.5kg/min(l.l Ib/min) per person or more to meet 
ventilation requirements regardless of the amount ofrecirculation (ASHRAE 
1999b). 
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Relative Humidity 

Humidity in the aircraft is controlled both for human comfort and for air¬ 
craft safety. The two needs are sometimes compatible, sometimes in conflict. 
High humidity in the cabin air (e.g., greaterthan 70% relative humidity), espe¬ 
cially when accompanied by high temperature leads to passenger discomfort. 
High humidity can also lead to condensation, dripping, and freezing of moisture 
on the inside of the aircraft shell, which can lead to a variety of safety prob¬ 
lems, including corrosion on the shell. Condensation can lead to biological 
growth and potential adverse effects on cabin air quality. The ECS must be 
able to prevent excessive humidity in the cabin air by removing moisture from 
the outside air before it is supplied to the cabin. 

At cruise altitudes, the outside air contains very little moisture, and the 
main sources of humidity in the cabin air are respiration and evaporation from 
the skin of occupants. The steady supply of dry outside air is more than suffi¬ 
cient to flush the human-generated moisture from the cabin and maintain a low 
moisture content in the air, typically 10-20% relative humidity at cruise alti¬ 
tudes. Such values of relative humidity are below comfort guidelines 
(ASHRAE 1992). 

Theoretically, at least, cabin air could be humidified to comfortable values. 
But a number of problems are associated with such humidification, including 
the weightpenalty associated with the water that would need to be carried, the 
biological growth that is often associated with humidifiers, and the maintenance 
requirements ofhumidification systems. In addition, the humidity required for 
passenger comfort might exceed that which generates some of the safety 
concerns forthe aircraft operationsdescribedpreviously. Whole-cabin humidi¬ 
fication systems are there fore not normally included on aircraft. Air supplied 
to the cockpit is humidified on a small fraction of the current aircraft fleet, but 
on most aircraft the cockpit is normally drier than the passenger cabin air 
because of the higher ventilation rates in the cockpit. 

Humidity that is too low can be avoided to some extent by using the lowest 
feasible flow rate of outside air at cruise altitudes. There is an inherent con¬ 
flict between humidity control and contaminant control: increasing the flow of 
outside air to Teduce contaminant concentrations in the cabin reduces the 
humidity level, and decreasing the flow of outside air to raise the humidity 
increases contaminant concentrations. 

Although water vapor is not considered a contaminant in this context, 
Equation 2-2 can be used to evaluate its concentration in cabin air. Relation¬ 
ships developed by Fangcr (1982) can be used to estimate the typical moisture 
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generation by sedentary people in comfort (not sweating) in a low-humidity 
environment as 0.013 g/s per person. With that amount of moisture generation 
and the FAA minimal design flow rate of outside air of0.042 kg/s, the water 
vapor concentration in the cabin air will be 0.0050, or 0.5%; this corresponds 
to a relative humidity of about 18% at typical cabin air temperatures. 

That value might be a slight underestimate of the humidity because some 
occupants, particularly the cabin crew, will be more active than others. In 
addition, because of individual variations, some of the occupants might be 
sweating, even though the temperature is comfortable for the average person. 
Nevertheless, the value is a good indication of the humidity that can be ex¬ 
pected with the FAA minimal design flow rate of outside air and is consistent 
with the humidity measured in aircraft (see Table 1-2). 

Whether the FAA minimal design flow rate of outside air is appropriate for 
ventilation might be controversial. However, any attempt to increase cabin 
humidity by decreasing the ventilation flow rate will increase contaminant 
concentrations in the cabin air, and any attempt to reduce contaminant concen¬ 
trations in the cabin by increasing the ventilation flow rate above the FAA 
minimum reduces humidity in the cabin further. The dilemma could be re¬ 
solved, in theory, by using humidifiers, but they have their own problems, as 
discussed above. As a result, low humidity in aircraft cabins is not readily 
corrected. 


ENVIRONMENTAL CONTROL SYSTEMS 

AH large commercial passenger aircraft manufactured today and nearly 
all such aircraft in service use ECSs based on engine bleed air. Figure 2-5 
presents an overview of bleed-air-based aircraft ECSs and equipment. Com¬ 
pressed air called bleed air is extracted from propulsion engine compressors 
and supplied to one or more air-conditioning “packs,” where it is further com¬ 
pressed, cooled, and then expanded in a rotating air-cycle machine to produce 
low-temperature air that is supplied to the aircraft cabin. The conditioned air 
from the packs is supplied to a mixingmanifold that distributes it to zones in the 
cabin. Recirculation fans extract air from the cabin, pass it through filters, and 
supply it to the mixing manifold, where it mixes with the conditioned air from 
the packs. Trim air is hot bleed air that bypasses the air-conditioning packs. 
Small amounts of trim air are mixed with the air supplied to the cabin from the 
mixing manifold to provide independent fine temperature control in each zone. 
The bleed air from the engines is at a pressure sufficient to operate the air- 
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FIGURE 2-5 Simplified depiction ofaircraft environmental control systems. (Tempera¬ 
tures and pressures listed are examples only and are typical of some aircraft in cruise 
conditions.) 


conditioning packs and pressurize the cabin. Accurate cabin pressure is main¬ 
tained by one or more outflow valves that automatically regulate the flow of 
air out of the aircraft pressure hull to the ambient environment to maintain the 
desired cabin pressure. 

Each of the ECS component systems is discussed in more detail below. 
It should be understood that aircraft models vaiy in their systems and that, 
although the descriptions presented here are for typical aircraft, some of the 
details might not apply to a specific aircraft model. 


Bleed-Air Supply 

Figure 2-6 shows the key features of a modem fan-jet engine as is used 
on most commercial passenger aircraft. All the air entering the engine passes 
through the fan at the front and divides into two flow paths. The outer flow, 
which receives no compression other than that provided by the fan, is used 
directly for propulsion. The inner flow is used by the gas turbine that powers 
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FIGURE 2-6 Basic components of a fan-jet engine, 


the engine. A multiple-stage compressor compresses the inner airflow to high 
pressure. From the compressor, it flows into the combustion chamber, where 

iuel is burned. The combustion chamber does not increase the pressure, but 
it heats the air to a high temperature, which causes it to expand. The high- 
pressure, high-temperature air then passes through the turbine, which expands 
the air and extracts energy from it to drive the compressor. The air leaves the 
turbine at high velocity and provides additional thrust for propulsion. 

The compressor consists of many sets of rotating blades; each set is re¬ 
ferred to as a stage. The pressure of the air is increased as it passes through 
each stage. The pressure ratio relevant to ambient pressure at any stage of 
the compressor depends on the speed at which the compressor is rotating. At 
a given stage, the pressure increases as the speed increases. 

Bleed air is compressed air that is extracted from the engine compressor. 
Figure 2-7 shows a typical bleed-air system. Most bleed-air systems have at 
least two extraction ports, one near the end of the compressor to get the high¬ 
est possible pressure when the engine is operating at low speed and an inter- 
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FIGURE 2-7 Common bleed air supply from engine. 


mediate stage where the pressure is adequate during normal cruise and at 
high-power conditions. The bleed-air extraction from the high-pressure stage 
is automatically turned off when the pressure at the intermediate Stage is 
adequate and is automatically turned on when the pressure from the intermedi¬ 
ate stage is not adequate. The high-pressure port is used only during taxi and 
descent. 

The bleed air coming off the engine is at high temperature and pressure; 
the exact conditions depend on the mode of operation of the engine. Table 2-2 
shows typical temperatures and pressures of bleed air from the engine. 

The high temperature of the bleed air is a result of compression. There is 
no combustion of fuel in the compressor. Under most conditions, the bleed air 
extracted from the engine is hotter than necessary and can be too hot to pipe 
safely to other parts of the aircraft; therefore, it passes through a precooler 
immediately after it is extracted from the engine. The precooler is a heat 
exchanger that uses comparatively cool air from the fan stage of the engine 
(fan air) to cool the bleed air, The temperature ofthe bleed ait supplied to the 
aircraft is regulated by controlling the flow of fan air through the heat 
exchanger. The temperature is typically controlled to about 175°C (350°F). 
If there is a malfunction of the precooler and the temperature exceeds about 
240°C (470°F), a fault will be indicated. 

Not all the bleed air is used by the ECS. Some is used to heat leading- 
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TABLE 2-2 Typical Conditions of Bleed Air from Engine 


Mode of Operation 

Temperature, 
°C (°F) 

Absolute Pres¬ 
sure, kPa (psi) 

Extraction Stage 

Takeoff—maxima! power 3 

350 (660) 

1170(170) 

Low pressure 

Top of climb 

310(590) 

690(100) 

Low pressure 

Cruise 

250 (480) 

340 (50) 

Low pressure 

Initial descent 

185 (365) 

200 (29) 

High pressure 

End of descent (ground level) 

230 (445) 

460 (67) 

High pressure 

Switchover from high to low 
pressure 11 

280 (535) 

480 (70) 

High pressure 

Ground operations 

170 (340) 

— 

Auxiliary power 
unit 


5 Some engines (e g., Avro/4GRJ) have wily one bleed port; during takeoff, tempera¬ 
tures might exceed values given, 

b Maximal temperature and pressure for high-pressure stage occur just before bleed air 
system automatically switches from high-pressure port to low-pressure port. 

Source: Responses from Boeing to committee questions, July 13,2001. 


edge surfaces topreventiceaccumulation-andfor engine-starting. High-pres¬ 
sure bleed air ts tapped off for those purposes before it is supplied to the ECS. 
The pressure of the bleed air can be as high as 1,170 kPa (170 psi) when it is 
extracted from the engine. Pressure regulators reduce the pressure to 410-480 
kPa (60-70 psi) gauge pressure for the high-pressure bleed air and reduce it 
further to 310 kPa (45 psi) gauge pressure in the pneumatic distribution mani¬ 
fold, which supplies the air-conditioning packs. 

At cruise altitudes, the air can contain excessive 0 3 . The bleed-air sys¬ 
tems of some aircraft are equipped with 0 3 converters to reduce the O, in the 
bleed air to acceptable concentrations before it is supplied to the ECS. The O, 
converter consists of a honeycomb lattice, which provides for a large surface 
area on which O, decomposition reactions can occur. The lattice is made of 
a chemically inert substrate coated with a proprietary catalyst, which speeds 
the kinetics of the decomposition reaction. 

With the exception of the 0 3 converter, all the components of the bleed-air 
system shown in Figure 2-7 are as close as practical to the engine to avoid 
ducting very hot air around the aircraft. The location of the 0 3 converter 
depends on the aircraft; itcanbe in the wing or with the air-conditioningpacks. 
It should be noted that some aircraft models have an Q ( converter bypass 
feature that permits bleed air to enter the cabin without passing through the 
converter, but most do not. This bypass feature can be used to prevent poison- 
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ing of the converter catalyst at low altitudes when the outside air might be 
contaminated, such as when the aircraft is sitting in a takeoff queue. Other 
aircraft models use in-line 0 ? converters, which cannot be bypassed. 


Auxiliary Power Unit 

In addition to the engines for propulsion, most aircraft have an auxiliary 
power unit (APU). The APU is a small gas turbine mounted in the tail cone 
of the aircraft with an electric generator to supply electric power to the air¬ 
craft. Compressed, unfiltered air from the APU is used to supply the pneu¬ 
matic system of the aircraft, which supplies air to the ECS packs. The APU 
is normally operated to supply air when the aircraft's main engines are not 
running (e.g., when the aircraft is sitting at the gate) or are not running at 
power adequate to generate the necessary bleed air or electric power. The 
location of the air inlet relative to the APU varies with the model of aircraft; 
it is generally near the APU 

There are several suppliers of APUs, but there are two basic designs. In 
one, compressed air is extracted from the APU turbine engine compressor 
before it reaches the combustion chamber in much the same way that bleed 
air is derived from the propulsion engines. In the second, the APU drives a 
second compressor that has no function other than to supply compressed air 
to the pneumatic system and can be optimized for that purpose. 


Air-Conditioning Packs 

Bleed air from the engines or the APU is used to pressurize, heat, cool, 
and ventilate the aircraft cabin. Air-conditioning packs are used to cool and, 
if necessary, dehumidify the bleed air from the engines or APU before it is 
supplied to the aircraft cabin. Commercial passenger aircraft typically have 
two to fourair-conditioningpacks. Figure 2-8 shows a typical air-conditioning 
system; this figure is for an aircraft with two engines and two air-conditioning 
packs, but the basic principles of operation are the same with more engines or 
packs. 

The air-conditioning pack includes two heat exchangers cooled by ram 
(outside) air, a compressor, and a turbine. The inlet for the ram-air duct faces 
the airflow over the aircraft, thereby pressurizing the ram air to flow through 
the heat exchanger when the aircraft is in flight. When the aircraft is on the 
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FIGURE 2-8 Common configuration of air-conditioning packs. 


ground, however, a fan is required to drive the cooling air through the heat 
exchanger. The functions of the compressor and turbine in the pack are dif¬ 
ferent from those in the engine. The air-conditioning pack has no fuel or com¬ 
bustion and the power to operate the pack is derived from the pressure of the 
conditioned air stream. Also, the pack compressor and turbine use air bearings 
to eliminate the need for lubricants. 

Bleed air from the aircraft engines or APU enters a pneumatic manifold 
and is supplied to the air-conditioning packs. Itpasses through the primary heat 
exchanger where it is cooled, and then is compressed to a higher pressure in 
the compressor, increasing its temperature. That hot, high-pressure air is 
cooled again in the secondary heat exchanger. The air is then expanded, and 
its pressure is reduced in the turbine. Sufficient energy to operate the com¬ 
pressor is extracted from the pressurized air by the turbine. As a result, the 
temperature of the air drops markedly and is cold enough to provide cooling for 
the cabin even in hot environments. 

Under typical cruise conditions, the ram air is cold enough to cool the bleed 
air, and the bleed air is sufficiently dry so thatno moisture has to be removed. 
Under these conditions, a bypass valve is opened, and without further condi- 
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boning, the bleed air goes directly ftom the primary heat exchanger in the air- 
conditioning pack to the cabin. 

When the aircraft is on or near the ground in a humid environment, mois¬ 
ture will condense from the air when it expands in the turbine. That moisture 
is removed from the air stream by a water separator downstream of the tur¬ 
bine. The water separator cannot be allowed to freeze, and this requirement 
often establishes the lower temperature limit for the air from the air-condition¬ 
ing pack. The need to prevent freezing in the water separator is an important 
limitation on the system described in Figure 2-8. Many aircraft are now being 
equipped with newer, more sophisticated packs that include additional heat 
exchangers that allow air to be supplied at a lower temperature and that elimi¬ 
nate the problem of freezing in the water separator. 


Air Distribution System 

Figure 2-9 shows a typical air distribution system for an aircraft passenger 
cabin. Of all the systems described in this chapter, the cabin air distribution 
system probably varies most from aircraft to aircraft, so the specific details of 
the system described here do not necessarily apply to every aircraft. 

Conditioned air from one or more air-conditioning packs is supplied to a 
central mixing manifold (there is more than one manifold on some aircraft), 
where it is mixed wife recirculation air. The aircraft cabin can have up to 
seven separate ventilation zones, and the resulting mixture of conditioned and 
recirculation air is supplied to each zone of the cabin as needed. The amount 
of air distributed in the cabin varies for each zone and is controlled by orifices 
(vents) in the supply ducts. Air supplied to any zone depends on the number 
of seats and on other heat sources, such as the lighting and entertainment 
systems. The metabolic heat loads from passengers and cabin crew may at 
times account for only about half the heat load in the cabin, and the remainder 
is generated by solar radiation, lighting, entertainment systems, and heat ex¬ 
change with the outside environment. 

The temperature of the air distributed to the cabin and cockpit is controlled 
by mixing hot trim air with the conditioned air from the mixing manifold before 
it enters the cabin. There is a separate trim-air valve for each zone. The trim- 
air valves regulate the flow of trim air to control the temperature of the zones. 
Although the cockpit crew sets the cabin temperature, the temperature in each 
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FIGURE 2-9 Common cabin air distribution system. 


zone can be separately controlled by means of a thermostat that governs the 
amount of hot trim air mixed with the bleed air. 

Additional thermal control is available to each passenger on some aircraft 
through gaspers. Gaspers are small outlets above the passenger seats that 
supply high-velocity air directly to individual passengers, who can control the 
quantity and direction of the air flow. The air supply for gaspers can be out¬ 
side air from the air-conditioning system, recirculated air, or air from the mix¬ 
ing plenum, depending on the make and model of the aircraft. A separate 
gasper fan is used on some aircraft to circulate air through the gasper system. 
In some aircraft, air for the gaspers is extracted from the cabin and is inde¬ 
pendent of the recirculated air supplied to the mixing plenum. A separate 
gasper-air filter, similar to the fiiterfor recirculated air, is used in these applica¬ 
tions. The flow of air to the gasper system is controlled by the flight crew in 
some aircraft, and its operation is indicated by a light on the cabin-temperature 
control panel. Although the gaspers can influence individual thermal comfort, 
they play a relatively minor role in overall cabin ventilation. 
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Ground-Based Systems 

It is sometimes desirable to provide pneumatic or conditioned air to the 
aircraft from ground-based sources rather than use the aircraft engines or 
APU. Ground-based equipment can be less expensive to operate, can prevent 
overheating of aircraft due to prolonged operation of packs on the ground, and 
can substitute for inoperable ECSs. Depending on the airport, one or more 
ground-based systems may be available. Ground-based systems include the 
high-pressure ground cart, the low-pressure ground cart, and the low-pressure 
fixed source. 

The high-pressure ground cart is essentially an APU on wheels with a 
filter on the inlet to protect the cart from debris that might be entrained in the 
airflow. A pneumatic air line from the ground cart is attached to a fitting on 
the belly of the aircraft that connects to the aircraft pneumatic manifold (see 
Figure 2-8). This air is conditioned by the aircraft air-conditioning packs be¬ 
fore being supplied to the cabin. 

Airlines also have the option of supplying air to the aircraft downstream 
of the packs by using a low-pressure ground cart, which is essentially a con¬ 
ventional air conditioner on a mobile cart Withthis method, air is supplied only 
to the cabin air supply system, not to the pneumatic system, and no filter is 
used (see Figure 2-9). The temperature of the air is adjustable and controlled 
by the cart. The flow rate is fixed but generally is nearly equal to the normal 
total outputofthe packs. A variation ofthe low-pressure ground cart operates 
by replacing the airconditionerwithaheater. This approach is more economi¬ 
cal and is typically used when only warm air is needed. Again, the air is nor¬ 
mally not filtered. 

Airlines have also begun to install fixed, low-pressure systems at each gate 
to replace the low-pressure ground carts. Rather than use an air conditioner 
mounted on a cart, the fixed system uses an air conditioner that is permanently 
mounted on the ground or in the terminal building and is connected to the air¬ 
craft by a flexible duct. The fixed system connects to the aircraft in the same 
manner as the low-pressure ground cart. 


ALTERNATIVE ENVIRONMENTAL CONTROL SYSTEMS 

Aircraft manufacturers and aircraft systems manufacturers might be 
investigating the use of alternatives to bleed-air-based ECSs, but any such 
work is highly confidential because of the competitive nature of this industry, 
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and no information about alternative systems was provided to the committee. 
Nor did the committee encounter any information about new alternative sys¬ 
tems in its literature review. Consequently, the committee had little information 
to review in preparing this report. However, a brief examination of the poten¬ 
tial for alternative systems is given below. 

As explained earlier in this chapter, the ECS functions to pressurize the 
cabin, provide an adequate supply of clean air throughout the cabin, control the 
air temperature in the cabin, and to some degree regulate the humidity in the 
cabin. Any alternative to a bleed-air-based ECS must meet the same require¬ 
ments. 

The key features that distinguish the bleed-air-based ECS from other 
possible systems are the use of engine bleed air as the source of outside air 
and the use of rotating air-cycle equipment to cool this air. Those two features 
are fully integrated; not only does the high-pressure bleed air provide enough 
pressure to pressurize the cabin, but the pressure is high enough to operate the 
rotating air-cycle cooling equipment without external power sources. 

An ECS that uses an alternative source of outside air (e.g., ram air) must, 
at a minimum, include compression equipment that can compress the outside 
air enough to meet the pressurization needs of the cabin. The compression 
equipment must be lubricated, and itmust have power sources to drive it, such 
as electric motors, gas-turbine engines, or compressed-air turbines that use 
bleed air as the power source. Just as the engine compressors have the poten¬ 
tial for contaminating the supply air, any alternative means of compressing foe 
air also has the potential for contamination, although foe nature of the potential 
contamination can be different Thus, using an alternative to the bleed air as 
a source of outside air does not automatically ensure uncontaminated air. 
Because of foe need for a separate compressor and compressor drive mecha¬ 
nism, they can impose a substantial weight penalty as well. 

If the air is compressed just enough to pressurize foe cabin rather than 
being compressed to a point where it can operate rotating air-cycle equipment, 
foe temperatures attained in the compression could possibly be limited enough 
to avoid pyrolysis of contaminants, such as hydraulic fluid or lubricatingoils. 
However, an alternative means of coolingthe air would be required. The most 
obvious method is vapor-compression air-conditioning equipment similar to that 
used in most buildings and in many land vehicles. That equipment works well 
in ground-based applications, but its size and weight might be unacceptable for 
aircraft. 

The first passenger jet aircraft, introduced in the early 1960s, did not use 
bleed air as the source of outside air. Ram air was compressed and used to 
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pressurize and ventilate the cabin. Bleed air was used to power a turbocom¬ 
pressor, which compressed the ram air to the proper pressure. That air was 
cooled by a Freon vapor compression-cycle air conditioner for temperature 
control before being distributed to the cabin. The arrangement was heavy, 
expensive, and inefficient because of the inefficiencies of the turbocompressor 
(E. Marzolf, retired, Douglas AircraftCo., personal communication, April29, 
2001). Even more important was the high amount of maintenance that the 
systems required (R. Kinsel, retired, AlliedSignal, personal communication. 
May 7,2001). For those reasons and because increasing the altitude of flights 
would have required an even larger turbocompressor and there was no dis- 
cemable difference in quality between ram air andbleed air, it was decided in 
the late 1960s to use bleed air directly (E. Marzolf, Op. cit,). New large pas¬ 
senger aircraft have since used bleed-air-based ECSs. 

Essentially every large commercial passenger aircraft in use today is 
equipped with an alternative system, the APU. The APU provides a source 
of air that is independent of the propulsion engines. Although some APUs 
provide compressed air in much the same manner that the main propulsion 
engines provide bleed air, by extracting compressed air from the turbine-engine 
compressor, some APUs use a compressor, that is independent of the engine 
compressor, as described previously. Definitive data are not available, but the 
committee saw no evidence that contamination from the APU or brought into 
the APU is any less likely to affect cabin air adversely than is bleed air. 

The committee did not investigate alternative ECSs in depth. To do so 
would take person-years of effort because reliable information is not readily 
available in the public domain, if at ail. Although it is possible that alternative 
systems are being developed or could be developed, the committee saw no 
evidence that bleed-aii-based systems cannot be designed, maintained, and 
operated to provide adequate clean air to the aircraft cabin. That statement 
does not imply that they always provide uncontaminated air to the cabin. As 
described in Chapter 3, there is evidence that air is sometimes contaminated; 
but the measurements that have been taken during routine operation show no 
contamination of concern arising from bleed-air systems (Nagda et. al. 2001). 
Data are available on only a few aircraft and conditions, but they are adequate 
to make the point that bleed air can be clean. 

The committee does not want to discourage the pursuit of alternative 
systems, but it finds that the best method to ensure good cabin air is to have 
the Federal Aviation Administration (FAA) focus on ensuring that bleed-air- 
based systems are designed, maintained, and operated properly and that prob- 
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lems with them are identified and resolved. The reasons for the committee’s 
conclusion as follows: 

1. Many uncertainties and potential disadvantages are associated with 
alternative ECSs, the alternative systems might have problems as yet un¬ 
known. 

2. Alternative systems have been used and abandoned. 

3. There is a slow turnover of the aircraft fleet, and aircraft with existing 
systems almost certainly will be in service for a long time. 

4. There is good reason to believe that bleed-air systems can be designed 
and operated as to provide uncontaminated air to the cabin. 


ENVIRONMENTAL CONTROL SYSTEM DESIGN 
AND OPERATIONAL STANDARDS 

In this section of the report, the committee reviews guidelines, standards, 
and specifications that can have a bearing on aircraft ECS design and opera¬ 
tion. Some of the guidelines and standards were developed primarily for build¬ 
ing environments but might have relevance to aircraft as well. The FARs that 
are applicable to aircraft ECSs are discussed in Chapter 1. The FARs deter¬ 
mine the design and operation requirements for aircraft; none ofthe guidelines 
and standards described below are legally enforceable for commercial aircraft. 

For buildings, the primary indoor air-quality guideline in the United States 
is ASHRAE Standard 62-1999 (ASHRAE 1999b). As with all ASHRAE 
standards, it is a voluntary consensus guideline and is not legally binding unless 
adopted by the applicable regulatory body for a particular application. FAA 
has not adopted it for aircraft. 

Standard 62-1999 was developedfor and applies primarily to buildings. 
However, its scope claims applicability to all occupied indoor or enclosed 
spaces. There is no specific mention of aircraft or aircraft systems anywhere 
in the standard. Table 2 of the standard, which sets outdoor air requirements 
for various applications, has a single entry for vehicles but with no explanation 
as to type of vehicles (automobile, trains, buses, aircraft, and so on). In a 
requested interpretation, ASHRAE confirmed that aircraft are not specifically 
excluded from the scope of the standard but also stated: “Whether the require¬ 
ments of Standard 62 should be applied to specific vehicles would be a decision 
for the authority having enforcementjurisdicrion” (ASHRAE 2000a). In the 
case of aircraft, FAA is that authority. 
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If ASHRAE Standard 62-1999 were applied to aircraft, it would require 
outside air at 7 L/s (15 efin) for each occupant. The standard does not specify 
the temperature and pressure that apply for this requirement. Formost build¬ 
ings, that omission is not critical, inasmuch as the overwhelming majority of 
buildings are at altitudes between sea level and 1,000 m (3,300 ft) and the 
density of outside air does not vary greatly over this range. However, the 
standard does not have any special requirement for buildings at high altitudes 
where the density of the air can be substantially less than that at sea level. For 
aircraft, that omission is more serious because they routinely operate at very 
high altitudes. 

Using standard thermodynamic conditions of 101 kPa and a temperature 
of 25°C (14.7 psi and 77°F) (Howell and Buckius 1992), the Standard 62 -1999 
requirement translates to outside air at 0.50 kg/min (1.1 lb/min) per occupant. 
At the minimal allowed cabin pressure of 75 kPa (10.9 psi) and a temperature 
of25°C (77°F), that would be 0.37 kg/min (0.82 lb/min). For outside conditions 
at a cruise altitude of 12,000 m (39,000 ft) and the standard atmospheric tem¬ 
perature of-63°C (-81 °F) for that altitude, it would mean only 0.067 kg/min 
(0.15 lb/min). Basing the requirement on outside conditions at that altitude is 
unrealistic, but Standard 62-1999 does not specifically prohibit it The numbers 
highlight the potential folly of applying to aircraft a standard developed for 
terrestrial applications. 

Assuming that the cabin temperature and pressure apply, and not the 
outside conditions, it is seen that ASHRAE Standard 62-1999 would require 
50-100% more outside airthanthe cuirentrequirementinFAR25. However, 
a provision in Section 6.1.3.4 of Standard 62-1999 might allow the outdoor air 
flow rate to be as little as half that listed above for some flights less than 3 h 
long. The provision is meant to reflect the fact that human-generated contami¬ 
nants in the indoor an take some time to nse in response to occupancy. That 
phenomenon probably is not effective in aircraft, because of their high ventila¬ 
tion rates, but there is nothing in current interpretations of the provision that 
would prevent it from being applied to aircraft (see, for example, ASHRAE 
2000b or ASHRAE 2000c) 

ASHRAE Standard 62-1999 is continuously maintained. A revision being 
considered would diride the ventilation requirements into occupant-generated 
and building-generated requirements. If the revision is adopted and if aircraft 
are treated similarly to how buildings are treated, the ventilation requirements 
for aircraft might drop cons iderably, with the minimal outside-air requirement 
for a fully loaded aircraft possibly falling to 2.4-3.3 L/s (5-7 efin) perperson. 


PM3006448992 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 




The Airliner Cabin P.rYvironmcnt and the Health of Passengers and Crew 

copyright 2tKO, Ji) 0 | Oic rJaiidrai Aiadcmy of Science^ all rights rercrvcrl 


Environmental Control 67 

Standard 62-1999 sets maximal concentrations of contaminants in the 
outside air used for ventilation. If the concentrations are exceeded, the outside 
air must be cleaned before it is used for ventilation. Most of the requirements 
are based on averages over periods of 24 h to 1 yr and so have little meaning 
for an aircraft that spends much of its time cruising in pristine air or on the 
ground not operating, However, ASHRAE’s limits on carbon monoxide (CO) 
and 0 3 could apply. The limits for CO are averages of 35 ppm for 1 h and 9 
ppm for 8 h. The 0 3 limit is an average of 0.12 ppm for 1 h. 

It is not possible to compare the above requirements from ASHRAE 
Standard 62-1999 with those in FAR 25 directly; because the FAR 25 require¬ 
ments are for cabin air and the ASHRAE requirements are for inlet air. Q 3 , 
in particular, will continue to react after the air is in the cabin. An optional 
provision of Standard 62-1999 does have a guideline for the maximal allowed 
concentration ofOj in the indoor air: 0.05 ppm on a continuous basis. CO, in 
contrast, is mostly inert in the cabin; it is present continuously in the inlet air, 
the cabin concentration ultimately will match that of the inlet air. Thus, 
ASHRAE Standard 62-1999 is generally more restrictive than F AR 25 with 
respect to both 0 3 and CO. 

The optional provisions in Standard 62-1999 also include a guideline for the 
maximal concentration ofCOp 700ppm above the outside air concentration, 
or about 1,000-1,100 ppm in most situations. That limit is strictly for the pur¬ 
pose of limiting discomfort related to odors from human bioeffluents and is not 
meant to be a limit on exposure to CO, (ASHRAE 2000d). It uses respiration¬ 
generated C0 2 aa aproxy for the human-generated odors and is approximately 
comparable with the 7 L/s (15 efrn) per person requirement at sea level. 
Obviously, it is not applicable if other sources of CO,, such as dry ice, are 
present. The guideline of 1,000-1,200 ppm that comes from Standard 62-1999 
should not be compared with the 5,000-ppm limit in FAR 25, the latter is a limit 
on exposure to C0 2 itself and is not intended to be a measure of ventilation. 

ASHRAE Standard 62-1999 does not mandate temperature or humidity 
requirements. Such requirements are, however, covered in ASHRAE Stan¬ 
dard 55-1992, Thermal Environmental Conditions for Human Occupancy 
(ASHRAE 1992), which sets ranges of temperature and humidity that are 
generally found comfortable as a function of activity level and clothing. The 
standard's scope claims applicability to environments “at atmospheric pressure 
equivalent to altitudes up to 3,000 m (10,000 ft) in indoor spaces designed for 
human occupancy for periods not less than 15 minutes” and thus appears to 
apply to aircraft. The 1 o wer relative-humidity limits range from about 20% to 
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30%, depending on the temperature, and might be difficult to attain in most 
aircraft on all but the shortest flights. A public review draft of a proposed 
revision of the standard removes the lower humidity limits {ASHRAE 2001). 

ASHRAE is developing a standard specifically for aircraft cabin air quality 
and has established the special-proj ect committee on Air Quality within Com¬ 
mercial Aircraft, SPC161P, to complete the task. The scope under which the 
committee is working states that it “applies to commercial passenger air-canier 
aircraft carrying 20 or more passengers and certified under Title 14 CFR Part 
25.” Although the committee has been working on the standard for several 
years, the first public review draft is not expected before to 2002. 

The Society of Automotive Engineers (SAE) recommended practice Pro¬ 
cedure for Sampling and Measurement of Engine Generated Contami¬ 
nants in Bleed Air Supplies from Aircraft Engines Under Normal Operat¬ 
ing Conditions, ARP4418 (SAE 1995), includes a table from AIR4766, Air 
Quality for Aircraft Cabins that specifies the maximal concentrations of 
contaminants in engine bleed air. Those limits are presented in Table 2-3. 
AIR4766 is under development by SAE and has not been released to the public 
(SAE, personal communication. May 7,2001). 

Military Specification MTL-E-5007D, General Specifications for Aircraft 
Turbojet and Turbofan Engines (1973), also includes limits on contaminants 
in bleed air, which are presented in Table 2-4. Neither the limits in ARP4418 


TABLE 2-3 Limits on Engine-Generated, Bleed-Air Contaminants Under 
Normal Operating Conditions 


Contaminant 

Maximal Allowable Concentration 
Above Ambient 

CO, 

400 ppm 

CO 

5 ppm 

Hydrogen fluoride 

I ppm 

Oxides of nitrogen (nitrogen dioxide equiv¬ 
alent) 

1 ppm 

Formaldehyde 

0.3 ppm 

Acrolein 

0,05 ppm 

Organic material (synthetic oil equivalent, 
MW 600) 

0.4 ppm 

Respirable particles 

0.5 mg/rn 5 


Source: Adapted from SAE (1995). 
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TABLE 2-4 Limits on Engine-Generated, Bleed-Air Contaminants Under 
Normal Operating Conditions 


Substance 

Maximal Allowable Concentration 
Above Ambient, ppm 

CO, 

5,000 

CO 

50 

Ethanol 

1,000 

Fluorine (as hydrogen fluoride) 

0.1 

Hydrogen peroxide 

1.0 

Aviation fuels 

250 

Methyl alcohol 

200 

Methyl bromide 

20 

Nitrogen oxides 

5 

Acrolein 

0.1 

Oil breakdown products (e.g., aldehydes) 

1.0 

22 _ 

0.1 


Source: Military Specification (MIL-E-50071>) (1973). 


nor the limits in MIL-E-5007D appear to be a factor in the commercial aircraft 
industry, because modem engines are associated with much lower contaminant 
concentrations under normal operating (conditions when there are no equipment 
failures or malfunctions. Note that both specifications are for engine- gener¬ 
ated contaminants; any contaminants in the engine inlet air would not be cov¬ 
ered. 


CONCLUSIONS 

• The adequacy of oxygen in the cabin is determined by the P0 2> The 
cabin air pressure is the dominant factor in determining the P0 2 in the cabin. 
The ventilation rate has little effect on P0 2 , and ventilation rates well below 
those normally present in aircraft would not seriously affect P0 2 . 

• The flow of outside air must be adequate for contaminant control in the 
cabin, whether ornot recirculation is used. As long as the outside-air flow rate 
is appropriate for contaminant control in the cabin and the recirculation system 
is properly designed, operated, and maintained, recirculation does not normally 
affect cabin air quality adversely. 
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• As aircraft have moved from using 100% bleed air for cabin ventilation 
to incorporating recirculated air into ECS design, the amount of outside air 
supplied to the Cabin has decreased. 

• The mixing of the air that occurs in the cabin, with or without recircu¬ 
lation, and the proximity of cabin occupants makes itimpossible to eliminate 
exposure to infectious agents and other contaminants in the cabin air. 

* The low humidity in aircraft cabins cannot be increased through ventila¬ 
tion controls without raising questions about the effect on air qualify. A num¬ 
ber ofproblems are associated with humidification of cabin air. Consequently, 
the low humidity common in aircraft cabins is not readily corrected. 

* The environmental conditions in an aircraft cabin respond quickly to 
changes in ECS operation. Consequently, it is important that the ECS not be 
shut down for a long period when the aircraft is occupied except in the case 
of an emergency, because excessive contaminant concentrations and uncom¬ 
fortably high temperatures can occur quickly. 


RECOMMENDATIONS 

• FAA should rigorously demonstrate in public reports the adequacy of 
current and proposed FARs related to cabin air quality and should provide 
quantitative evidence and rationales to support sections of the FARs that es¬ 
tablish air-quality-related design and operational standards for aircraft (stan¬ 
dards forCO,COj, 0 3 , ventilation, and cabin pressure). If a specific standard 
is found to be inadequate to protect the health and ensure the comfort of pas¬ 
sengers and crew, FAA should revise it. For ventilation, the committee recom¬ 
mends that an operational standard consistent with the design standard be 
established. 

• The committee reiterates the recommendation of the 1986 NRC report 
that a regulation be established that requires removal of passengers from an 
aircraft within 30 min after a ventilation failure or shutdown on the ground and 
that full ventilation be maintained whenever on-board or ground-based air- 
conditioning is available. 
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Chemical Contaminants and 
Their Sources 


Passengers and crew have expressed concerns regarding exposure to various 
chemical contaminants in the aircraft cabin and have linked adverse health 
effects to specific potential exposures. Whether the exposures actually occur 
in the cabin is a critical question. Accordingly, this chapter addresses chemical 
contaminants, their sources, and potential exposure to them in aircraft. Unless 
otherwise noted, the term contaminants in this chapter refers to chemical 
contaminants. Biological agents are discussed in detail in Chapter 4. 

Contaminants that originate outside the aircraft are discussed first, and 
then contaminants that originate inside the aircraft are addressed. Finally, 
contaminants that can result from the environmental control system (ECS), 
including the main engines and the auxiliary power unit (APU), are disc ussed. 

CONTAMINANTS WITH EXTERNAL SOURCES 

Ventilation air provided to the cabin by the EC S is drawn from ambient air 
around the aircraft. Any pollutants in this air can be introduced into the pas¬ 
senger cabin. During the gate-to-gate course of a flight, an aircraft generally 
encounters the following types of ambient air: 

• Ground-level air at the departure or arrival airport. 

• Urban air aloft in the air basin of the departure or arrival city. 

73 
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• Tropospheric air above the mixed surface layer, 

• Air in the upper troposphere or lower stratosphere. 

Therefore, the ventilation supply air can be contaminated by background 
urban pollution and by emissions from local airport sources when the aircraft 
is on the ground. Urban air pollution is also encountered shortly after takeoff 
and before landing; however, these periods are usually small fractions of an 
entire flight. Finally, when flying in the upper troposphere or lower strato¬ 
sphere, an aircraft can encounter high ozone (0 3 ) concentrations. The issues 
noted are explored in the following sections. 


Ground-Level Pollution 

Most airports are near large metropolitan areas, where pollution can ex¬ 
ceed health-based standards. For example, in 1999,105 millionU.S. residents 
lived in areas that were designated “nonattainment” with respect to at least 
one of the criteria pollutants (EPA 2000). On a population-weighted basis, the 
most serious problems were posed by 0 3 , 90 million residents; particulate 
matter (PM), 3 0 million residents; and carbon monoxide (CO), 30 million resi¬ 
dents. In addition to urban air pollution, substantial amounts of combustion- 
generated pollutants are emitted on the ground at airports by, for example, 
aircraft jet engines and diesel-powered service vehicles. Because emissions 
at airports are important contributors to urban and regional air pollution, model¬ 
ing and measurement programs have been established to measure the emis¬ 
sions and the resulting concentrations (Moss and Segal 1994). Some of the 
information is summarized in the following paragraphs, but it does not appear 
to have been used to investigate the effect of emissions at airports on air qual¬ 
ity in passenger cabins of aircraft. 

During the middle L 980s, the Emissions and Dispersion Modeling System 
(EDMS) was developed to assess air-quality effects of proposed airport devel¬ 
opment projects (Moss and Segal 1994). It was developed by the Federal 
Aviation Administration (FAA) in cooperation with the U.S. Air Force and is 
supported as a Windows-based simulation tool.* Specifically, the EDMS is 


‘Background information on the EDMS too! is available at http://www.aee.faa. 
gov/aee-l00/aee-120/edms/banner.htm where it can be purchased. 
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designed to emphasize the effect of emissions from aviation sources— 
especially aircraft, APUs, and ground support equipment—on air quality in the 
surrounding areas. It incorporates aircraft engine emission factors from a data 
bank maintainedby the International Civil Aviation Organization. The effects 
of emissions on ambient air concentrations are predicted by means of disper¬ 
sion algorithms validated by the Environmental Protection Agency. In 1998, 
F AA designated the EDMS as the required model to perform air-quality analy¬ 
ses for aviation-related air pollution. 

Examples of emission data available through the EDMS are presented in 
Table 3-1. Emission factors for three combustion conditions are provided for 
six species. The emission factors express the mass of a species emitted per 
mass of fuel burned. The last row in the table indicates typical fuel combustion 
rates of a single jet engine during idle and takeoff. The product of the combus¬ 
tion rate and the related emission factor is the mass emission rats for the 
species. For example, an idling jet engine would be estimated to emit CO a$ 
follows: (fuel at 0.205 kg/s)(CO at 25 g/kg of fuel) = CO at 5.1 g/s. 

The data in Table 3-1 show that emission factors for products of incom¬ 
plete combustion (e.g., CO and hydrocarbons [HC]) are greatestwhen thejet 
engine is idling. However, nitrogen oxides, which axe produced by high-tem¬ 
perature oxidation of nitrogen in combustion air, are emitted at the greatestrate 
during the high-power takeoff period. Sulfur oxide emissions are a conse¬ 
quence of sulfur in jet fuel and are independent of combustion conditions. 
Similarly, because carbon dioxide (C0 2 ) and water vapor are the major prod¬ 
ucts of combustion, they are emitted at rates that reflect the prevalence of 
carbon and hydrogen in the fuel rather than the combustion conditions. 

The data in Table 3-1 do not reveal what other products of incomplete 
combustion andunbumed fuel constituents are emitted fromjet engines. Such 
components would generally be emitted at lower mass rates than the products 
listed in the table. However, some have important adverse health effects as 
toxic air pollutants and may be of concern even at lower rates of emission. 
Recent studies have begun to explore the problem of exposure of ground 
personnel and passengers to some pollutants (e.g., volatile organic compounds 
[ VOCs], polycyclic aromatic hydrocarbons, and soot) at airports (Pleil et al. 
2000; Childers etal. 2000). Because these studies are in their early stages, no 
conclusions can be drawn yet. 

With respect to pollutant exposure in passenger aircraft cabins at the 
airport, a key factor is the duration of time on board while the aircraft is on the 
ground. Flight attendants have higher potential exposures because they board 
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TABLE 3-1 Typical Emission Factors for Selected Gaseous Species From 
Jet Engine Operating Regimes 



Emission Factor, g/kg 


Species 

Idle 

Takeoff 

Cruise 

Carbon dioxide 

3,160 

3,160 

3,160 

Water 

1,230 

1,230 

1,230 

Carbon monoxide 

25 (10-65) 

<t 

1-3.5 

Hydrocarbons (as methane) 

4(0-12) 

<0.5 

0.2-1.3 

Nitrogen oxides (as nitrogen dioxide)— 
short haul 

4.5 (3-6) 

32 (20-65) 

7.9-11.9 

Nitrogen oxides (as nitrogen dioxide)— 
long haul 

4.5 (3-6) 

27 (10-53) 

11.1-15.4 

Sulfur oxides (as sulfur dioxide) 

1.0 

1.0 

1.0 

Fuel combustion rate 3 

0.205 kg/s 

2.353 kg/s 

— 


° Fuel combustion rate for a high-bypass GE (CF6-80) turbofan engine. 
Source: Data from Penncr et af. (1999). 


before the passengers and deplane after them. Delays on the ground after 
boarding because of traffic, inclement weather, or equipment malfunction 
would also be associated with potentially greater exposures. 


Pollution During Ascent and Descent 

Ambient air pollution varies markedly with altitude. Almost all air pollution 
of anthropogenic origin has ground-level or low-altitude sources. The pollution 
is mixed through the lower troposphere by meteorological processes. Specifi- 
c ally, wind blowing over rough ground surfaces causes turbulent mixing, and 
heating of the earth’s surface by the sun induces vertical motion. The well- 
mixed layer of the lower troposphere typically extends from a few hundred to 
a few thousand meters above the earth’s surface. For short-lived pollutants 
that are characteristic of photochemical-smog constituents, the pollutant con¬ 
centrations are highest in the well-mixed layer and decline steeply above it. 

Under ordinary flight circumstances, the duration of exposure of the air¬ 
craft to polluted airm the well-mixed layeris relatively brief, lasting for several 
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minutes after takeoff and for several minutes before landing. Sometimes, 
because of airport traffic, planes axe placed in a holding pattern near the air¬ 
port; in such cases, the duration of exposure to polluted urban air would be 
increased. 


Ozone During Cruise 

At altitudes no greater than a few thousand meters above the ground, the 
contribution of anthropogenic emissions to air pollution is small, at least with 
respect to poll utants that could affect cabin air quality. Accordingly, the pri¬ 
mary ambient air pollutant of concern at cruise altitude is Oj. In contrast with 
Oj formed from pollutant emissions near the earth’s surface, the 0 3 at altitude 
has natural sources. Oxygen molecules (0 3 ) undergo photodissociation trig¬ 
gered by ultraviolet radiation from the sun. The oxygen atoms combine with 
other oxygen molecules to produce 0 } . 0 3 itself is reactive and decomposes 
fairly rapidly in the stratosphere either by photodissociation, by reaction with 
oxygen atoms, or by catalytic destruction (e.g., reactions with nitrogen oxides 
or chlorine oxides). The persistence and prevalence of stratospheric O 3 is a 
consequence of the dynamic balance between rates of production and destruc¬ 
tion (Seinfeld and Pandis 1998a). 

The following subsections review various aspects of 0,: atmospheric 
concentrations that might be encountered on flights, reactivity and possible 
reactions of 0 3 with materials present in the passenger cabin, methods of 
controlling 0 3 concentrations in passenger aircraft cabins, and studies that 
have measured O, concentrations in passenger aircraft cabins. 


Atmospheric Ozone Concentrations 

Figure 3-1 presents a summary of annual average 0 3 concentrations as a 
function of latitude and altitude over North America. The figure shows that 
at cniise altitudes (9,000-12,000 m [29,500-39,400 ft]), the average 0 3 concen¬ 
tration ismuchhigherathigh latitudes (greater than approximately 60°N) than 
at low latitudes (approximately 30°N). For example, the O s concentration of 
35 x 10 u molecules per cubic centimeter at 12,000 m (39,400 ft) at a latitude 
of 70°N corresponds to a partial pressure of 1.0 * 10 7 atm (1.0 * 10" mbar) 
assuming a temperature of 216.7 K as in the U.S. standard atmosphere (Bolz 
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FIGURE 3-1 Annual mean vertical distribution of 0 3 (10 11 molecules per cubic centime¬ 
ter) over North America. Shaded band represents range of common cruise altitudes. 
Range of latitudes for continental U.S. is approximately 24°-49°N (e.g., Miami, Florida, 
is at a latitude of 25.77 “N, and Seattle, Washington, is at 47.61 °N). Source: Adapted 
from Wilcox et al. (1977). 


and Tuve 1973). Given a total air pressure of 0.19 atm (190 mbar) at this 
altitude, the 0 3 mole fraction would be 0.5 ppm. 2 In contrast, the value of 5 
* 10 11 molecules per cubic centimeter at 9,000 m (29,500 ft) at a latitude of 
30°N would correspond to only 0.05 ppm. 

In addition to the effects of latitude and altitude, 0 3 varies with season and 
fluctuates over relatively short periods because of meteorological processes 
that cause air exchange between the lower stratosphere and the upper tropo¬ 
sphere (Seinfeld andPandis 1998b). Thus, although Figure 3-1 illustrates 
overall annual trends, 0 3 concentrations at any altitude and latitude fluctuate 
substantially. 

In the lower troposphere, outdoor air contains only trace amounts of 0 3 


2 The moie fraction is defined as the ratio of the number of moies of a constituent 
to the total number of moles of air in a given parcel. Therefore, a mole fraction of 1 ppm 
implies that there is 1 mole of Oj in each million moles of air. 
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(typically, 0.01-0.1 ppm). However, exposure to low concentrations of 0 3 has 
been associated with adverse health effects, including decreases in pulmonary 
function (e.g., decreases in lung capacity and increased airway resistance), 
inflammation of lung tissue, and increased mortality (see Chapter 5). Accord- 
ingfy, various national and international government organizations have estab¬ 
lished upper limits on the concentration ofO , in the air that people breathe (see 
Chapter 1, Table 1-1). Specifically, theU.S. national ambient air-quality stan¬ 
dards for 0 3 are 0-12 ppm for a 1 -h duration and 0.08 ppm for an 8-h duration. 


Ozone Chemistry 

In addition to affecting human health directly, 0 3 can react with chemicals 
in aircraft to produce potentially irritating contaminants (Weschler and Shields 
1997a). Products of indoor 0 3 -alkene reactions include short-lived, highly 
reactive radicals, quasistable compounds (e.g., secondary ozonides), and stable 
aldehyde, ketones, and organic acids (see Table 3-2). The substances pro¬ 
duced can be more irritating than their precursors (Wolkoff et al. 2000); there¬ 
fore, preventing their formation and accumulation is another reason to limit 0 3 
in the aircraft cabin. 

The relative likelihood of those reactions in an aircraft depends on whether 
they occur in the gas phase or on surfaces. For a gas-phase (homogeneous) 
reaction between O, and an indoorpollutant to have important consequences, 
it must occur at a rate that is at least as great as the air-exchange rate (the 
rate at which the cabin air is replaced with outdoor air) (Weschler and Shields 
2000), Outdoor-air exchange rates tend to be much greater in aircraft than in 
homes or commercial buildings. Specifically, exchange rates in aircraft range 
from 9.7 to 27.3 exchanges per hour (Hocking 1998), and in U.S. residences 
and office buildings from 0.2 to 2 exchanges per hour (Murray and Burmaster 
1995; Persily 1989). The greater air-exchange rate in an aircraft limits the 
consequences of homogeneous O, chemistry. However, the potentially high 
0 3 concentrations in aircraft cabins compared with ordinary buildings some¬ 
what offset the effect of faster air exchange. 

The compounds that are known to react with 0 3 at a rate competitive with 
aircraft air-exchange rates and that are most likely to be encountered in an 
aircraft environment include ri-limonene, a-pinene, and isoprene. Sources of 
these compounds include solvents, cleaning fluids, and “synthetic” natural 
rubber materials (Budavari et al, 1989). 


PM3006449005 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 




The Airliner Cabin Environment and the Health of Passengers and Crew 

wliV' ) |vnbookttUlWlS^KV7/tilmlWJJ)tm! 1 «ii , yrielir2H*r2, 21)01 The National Ai^atcrnv nr Sciences, alt ri^hm reserved 


80 The Airliner Cabin Environment and the Health of Passengers and Crew 


TABLE 3-2 Products of 0,/Alkene Reactions Identified or Suspected in 
Indoor Settings 

Product Reference 


Hydroxyl radical 

HydrOpCroxy and alkylperoxy radicals 

Stabilized Criegee biradicals 

Unidentified radical 
Hydrogen peroxide 
Organic hydroperoxides 

Peroxyhemiacetals 

Ozonides 

Formaldehyde 

Other volatile aldehydes and ketones 
Fine and ultrafine particles 

Condensed-phase constituents 
containing carbonyl, carboxyhte, 
and/or hydroxyl functional groups 


Nazaroff and Cass 1986; Weschler and 
Shields 1996; Weschler and Shields 1997b 

Nazaroff and Cass 1986; Weschler and 
Shields 1997b 

Finlayson-Pitts and Pitts 1999; Tobias and 
Ziemann 2000; Tobias et al. 2000 

Clausen and Wolkoff 1997 
Li 200! 

Tobias and Ziemann 2000; Tobias etal. 
2000 

Tobias and Ziemann 2000; Tobias et al. 
2000 

Tobias and Ziemann 2000; Tobias et al. 
2000; Morrison 1999 

Finlayson-Pitts and Pitts 1999 
Finlayson-Pttts and Pitts 1999 

Weschler and Shields 1999; Wainman et 
al. 2000; Long et al. 2000 

Yu et al. 1998; Jang and Kamerts 1999; 
Griffin etal. 1999; Virkkula et al. 1999; 
Glasius et al. 2000 


Table 3-3 compares the half-lives ofh-limonene, a-pinene, and isoprene 
at three O, concentrations with their half-lives in the cabin at three air-ex¬ 
change rates representative of those encountered on aircraft. The table indi¬ 
cates that the reactions of 0 3 with rf-limonene and a-pinene are fast enough 
to compete with cabin air exchange under conditions of high cabin Q 3 . 

Although the high ventilation rates on aircraft limit the time available for 
gas-phase (homogeneous) chemical reactions to occur, evaluating the impor¬ 
tance of surface (heterogeneous) 0 3 reactions is less straightforward. Sur¬ 
faces in the cabin encounter more O, at high ventilation rates than at moderate 
ventilation rates. That situation promotes the 0 3 oxidation of chemicals assoc i- 
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TABLE 3-3 Comparison of Half-Lives of Selected Pollutants at Different 
O, Concentrations and in Cabin Air at Different Air-Exchange Rates 

Pollutant Half-Life (h) Pollutant Half-Life (h) in' 
2nd Order Rate at 0 } Concentration Cabin Air at Air-Exchange 


Pollutant 

Constant* 

(ppb'h 1 ) 

(Ppb) 



Rate (air changes/h) 

100 

200 

300 

7.5 

10 

12.5 

d-Limonene 

1.8x10-* 

0.38 

0.19 

0.13 

0,09 

0.07 

0.05 

a-Pinene 

7.6 x 10' 3 

0.92 

0.46 

0.31 

0.09 

0.07 

0.05 

Isopretie 

1.1 x 10- 3 

6.4 

3.2 

2.1 

0.09 

0.07 

0.05 


* Data from Mallard et al. (1998) 


ated with surfaces, especially chemicals with unsaturated carbon-caTbon 
bonds. Such reactions generate products with a range of volatilities. Volatile 
products desorb from the surface and enter the gas phase, in which they are 
diluted with ventilation air. Therefore, although the increased ventilation rates 
favor the formation of reaction products, the greater production rate is offset 
by a greater dilution rate. 

Higher ventilation rates can lead to the accumulation of semivolatile prod¬ 
ucts of heterogeneous O s chemistry on surfaces depending on their vapor 
pressure and rate of volatilization. In other words, the surfaces can become 
a reservoir for such products, which later volatilize from them. Volatilization 
can occur for extended periods after the initial production of the semivolatile 
species (Morrison and Nazaroff 1999); this means that semivolatile oxidation 
products can continue to be emitted from surfaces in the aircraft even when 
the Oj concentrations in the cabin are close to zero. Factors like a sudden 
change in relative humidity in the cabin could alter the rate of desorption of 
some compounds from surfaces. See Box 3-1 for further discussion and 
examples of heterogenous O. reactions. 


Methods of Controlling Ozone in Aircraft 

Concern about Oj in aircraft was first expressed in the middle 1950s. In 
the early 1960s, Brabets and co-workers conducted a monitoring survey of 0, 
aboard commercial aircraft (Brabets et al. 1967). They measured real-time 
cabin 0 3 on 285 commercial jet flights. Little or no Oj was detected on flights 
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below the tropopaase. At altitudes above the tropopause, the 0 3 was com¬ 
monly aboveO.l ppm. The Study found a maximal Oj concentration of 0.35- 
0,40 ppm averaged over a 20-min period. Later, Bischof( 1973) pointed out 
that the highest cabin 0 } would be experienced during high-altitude, long-dis¬ 
tance flights at high latitude in the spring. He measured 0 3 in the cabin air on 
14 flights over polar areas. He reported concentrations greater than 0.1 ppm 
for 75% of the flight time and maximal concentrations of 0.4 ppm averaged 
over 4 h and 0.6 ppm averaged over 1 h. 

By the middle 1970s, concern about 0 3 in high-altitude flights had become 
widespread. Studies conducted in the late 1970s confirmed that high 0 3 con¬ 
centrations could be encountered in the passenger cabin during flight (Nastrom 
etal. 1980). Furthermore, symptoms that have been associated withO, expo¬ 
sure were more prevalent in flight attendants on long-range, high-altitude flights 
than on short-haul flights (Reed et al. 1980). 

The results of those studies and others precipitated regulatory action by 
FAA. Two regulations introduced in 1980 established 0 3 concentration limits 
foraircraftcabins(FAR25.832andFAR 121.578). The regulations are dis¬ 
cussed in Chapter 1, and the regulatory language is in Appendix C. Airlines 
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and aircraft manufacturers comply with the regulations through a combination 
of air treatment, which reduces 0 3 in ventilation supply air, and flightplanning, 
which reduces the likelihood of high ambient 0 3 . Another consideration in 
meeting the regulations is the fact that the mole fraction of O s in cabin air is 
lower than that in ambient air due to ozone’s reactivity. The retention ratio 
quantifies this effect (see Box 3-2 for a discussion of retention ratio and re¬ 
lated issues). 

As discussed in Chapter 2, the use of 0 3 converters is the only active 
treatment technology commonly used for reducing 0 3 concentrations in aircraft 
passenger cabins. According to SAE International (2000), a 1997 survey 
indicates that about 50% of the world fleet of wide-body aircraft are equipped 
with 0 3 converters. Such converters are essentially nonexistent on narrow- 
body commercial aircraft. More recent information from Airbus and Boeing 
provides greater detail on the number of aircraft equipped with0 3 converters. 
Airbus reports that two-thirds of narrow-body aircraft (A319, A320, and 
A321) produced in 2000 are equipped with converters. However, Airbus was 
not able to estimate the fraction of its wide-body aircraft (A300, A310, and 
A3 00-600) that have 0 3 converters because operators may have retrofitted 
them with converters. All long-range aircraft (A330 and A340) are equipped 
with 0 3 converters (M. Dechow, Airbus, personal communication, April 13, 
2001). Boeing reports that all 777s and 767-400 come with O, converters as 
standard equipment. Converters are available as optional equipment on other 
Boeing models (Hunt et al. 1995), and various proportions of other aircraft 
models have such converters. Table 3-4 shows the approximate percentages 
of active Boeing aircraft with O, converters (personal communication, Richard 
Johnson, Boeing, April 25,2001). When new, converters can decompose 90- 
98% of the 0 3 present in the air flowing through them (SAE 2000). The useful 
life of 0 } converters is 10,000-20,000 flight hours (R. Lachelt, Engelhard, 
personal communication, June 12,2001). 

The introduction and use of O, converters in some aircraft have apparently 
reduced the frequency and severity of high-Gj episodes in aircraft cabins, 
inasmuch as the widespread complaints about O s in the 1970s have not re¬ 
curred. Some concerns remain, however. Some aircraft that are not equipped 
with the converter may have elevated 0 3 concentrations. Furthermore, there 
is no process to ensure a high level of converter performance although FAA 
stipulates that the effectiveness of 0 3 converters should be spot-checked (Fed. 
Regist. 45(14):3880-3883, January 21, 1980). 
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BOX 3-2 Retention Ratio and Related -Issues.' 
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TABLE 3-4 Percentage of Boeing Aircraft with 0 3 Converters 3 


Aircraft 

No. Delivered and 
Ordered Aircraft 

Percentage with Oj 

Catalytic Converters 

B717 

60 

0 

B727-100/200 

1,380 

0 

B737-200/300/400/500 

2,910 

0 

B73 7-600/700/800/900 

1,100 

22 

B747-100/200/300/SP 

700 

20 

B747-400 

578 

64 

B757-2Q0 

1000 

7 

B757-300 

35 

34 

B767-20O 

250 

41 

B767-300 

600 

42 

B767-400 

20 

100 

B777-200/300 

335 

100 

DC-9 

750 

0 

MD-80 

1,175 

0 

MD-90 

115 

0 

DC-10 

400 

88 b 

MD-11 

195 

78 


'* Data in table represent approximate number of active aircraft and approximate percent¬ 
ages with O, catalytic convertors. Table is snapshot of information as of May 2001. 
b Percentage with ordered retrofit kits. 


Maintenance procedures for 0 3 converters specify cleaning or replace¬ 
ment of the catalyst according to a schedule of flight-hours, however, the 
committee found no evidence that converters are subject to performance 
testing after cleaning and maintenance. Concern exists because catalytic 
converters are generally subj ec t to poisoning by deposits of PM or chemicals 
(Rodriguez and Ilrbck 1999; SAE 2000). Ofparticular concern is the potential 
for fouling caused by an air-quality incident. For example, any sizable expo¬ 
sure of the bleed-air system to engine lubricating oil, hydraulic fluid, or even j et 
exhaust could contribute to fouling that would degrade the performance (de- 
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struction efficiency) of the O, converter. A lower destruction efficiency could 
lead to exceeding the regulatory limit. Specifically, a 95% 0 3 destruction 
efficiency appears to be sufficient to maintain cabin 0 3 below regulatory limits, 
but a 50% destruction efficiency would not suffice (see Box 3-3). Although 
the committee found no hard evidence that fouling of the O s converter occurs, 
it also did not find any evidence to the contrary. 

As noted above, flight planning can be used to control cabin O, and is 
based on statistical summaries of atmospheric 0 3 as a function of altitude, 
latitude, and season. Illustrative data are presented in Figure 3-2. The data 
reinforce the point from Figure 3-1 that 0 3 increases with Cruise altitude and 
tends to be higher at high latitudes than at middle latitudes. Figure 3-2 also 
shows that 0 3 varies seasonally, with higher concentrations occurring during 
winter and spring than during summer and fall. 

By regulation (14 CFR §121.578c 1; see Chapter 1 or Appendix C), flight 
planning to limit cabin 0 3 is based on the 84th percentile atmospheric 0 3 for 
a given altitude, latitude, and month. 0 3 is expected to exceed the planning 
value 1 6% of the time. Therefore, under the regulation, cabin O-, is permitted 
to exceed the numerical limits of 0.25 ppm (peak) and 0.1 ppm (time-weighted 
average) in a substantial fraction of flights. Depending on the relationship 
between the absolute maximal atmospheric O, and the 84th percentile, per¬ 
missible cabin 0 3 concentrations under this regulation could be considerably 
higher than the nominal numerical limits. 


"■ .■ :■ -* i • *■ -r » ,• , ' ' - -i' • . •* . - - 1 » • 4 fc " * ' ' ' i > 
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FIGURE 3-2 0 3 concentrations at 84% upper-bound confidence interval, as a function 
of altitude, for selected months and latitudes. The 0. 1 -ppm concentration corresponds 
to 200 pg/m 3 , where the volume is determined at sea-level pressure, and temperature 
is 20°C. Source: Data from SAE (2000). 


Measurements of Ozone in Aircraft 

Since the introduction of FAA Qj regulations, few systematic studies of 
cabin air quality have included O s measurements (Magda et al. 1989; Nagda 
etal. 1992; Eatough eta], 1992; SussellandSingaiI993; Spengleretal. 1997; 
Pierce et al. 1999; Waters et al. 2001). The lack of studies is due partly to 
limitations in the instruments available to measure Oj (see Chapter 7 for a brief 
discussion of0 3 monitoring aboard aircraft), Only ultraviolet (LTV) photomet¬ 
ric and chemiluminescence instruments have sufficient sensitivity and accuracy 
to measure 0 3 reliably and accurately in the concentration range of interest. 
Furthermore, only UV photometric instruments are acceptable aboard aircraft 
because chemiluminescence instruments use a combustible consumable (ethyl- 
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ene), which precludes their use. The disadvantages of the commercially avail¬ 
able UV photometric instruments are that they weigh more than 10 kg and 
require a 110-V AC power source. Lighter, smaller instruments compatible 
with the power systems aboard aircraft are feasible but are not commercially 
available. Regardless, the post-1980 studies are summarized below, along with 
a brief critique of their methods' and findings. 

The most thorough post-1980 study of cabin air quality was conducted for 
the Department of Transportation (DOT) by Geomet (Nagda et al. 1989; 
Nagdaetal. 1992). It was conducted during the transition period when smok¬ 
ing was common on flights and when it was almost completely banned, so the 
emphasis was on environmental tobacco smoke and its constituents. The 
researchers measured many air-quality characteristics in the passenger cabins 
of 92 randomly selected flights between April and June 1989. Only 12 of 92 
flights were longer than 5 h, and only eight were international. The proportion 
of aircraft equipped with 0 3 converters was not reported. O s was measured 
with an integrated sampling technique. A pump was used to draw air at a 
fixed rate over glass-fiber filters that had been treated with 3-methyl-2- 
benzotftiazolinone acetone azine (MBTH) and 2-phenylphenol according to the 
method of Lambert et al. (1989). Time-integrated samples were collected 
beginning 15 min after takeoff and concluding 30 min before scheduled arrival. 
The results showed relatively low 0 3 concentrations: averages of 0.010 ppm 
on smoking flights and 0.022 ppm on nonsmoking flights. 5 The highest reported 
time-weighted average was 0.07 8 ppm, which is less than the regulatory limit 
of 0.1 ppm. 

Although the study suggests that average 0 3 in aircraft cabins is low, the 
committee has several concerns regarding the study and believes that general 


3 The investigators did not report whether the difference between the smoking and 
nonsmoking flights was statistically significant. The emissions of nitric oxide (NO) 
front smoking could have reduced the 0 3 in the cabin by means of the rapid reaction 
NO + Oj -* NO, + O, (Seinfeld and Pandis 1998c). Some evidence indicates that NO 
emissions from cigarettes may be as high as 1-6 mgfeigarette (NRC 1986a; Jenkins et 
al. 2000a,b), with most emitted in the form of NO (Jenkins eta!, 2000b). If ventilation 
data for a Boeing 727-100 (7 L/sec per person, Hocking 1998) are used, and a full flight 
with 33% of the passengers smoking an average.of 1 cigarette per hour each is as¬ 
sumed, the average NO in the cabin is estimated to be up to 0.2-1 ppm, which is more 
than sufficient to account for the reported difference in average 0 3 concentrations 
between smoking and nonsmoking flights. 
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conclusions based on the results should be avoided. The concents include the 
accuracy and precision of the sampling method, the use of integrated samplers 
instead of real-time measurements, and the small number of the flights evalu¬ 
ated. The concerns noted are discussed further in the following paragraphs. 

The MJBTH sampling method chosen for the DOT study (Nagda et 
al.1989) was developed shortly before the study started. The primary refer¬ 
ence (Lambert et al. 1989) is limited in scope, focusing on the colorometric 
change associated with the MBTH reagent and potential interferences, and 
does not thoroughly explore issues associated with sampling. Even with its 
limited scope, the study by Lambert and co-workers found that reagent re¬ 
sponse, measured by reflection absorbance, was significantly nonlinear. Fur¬ 
thermore, the response was not simply a function of exposure (the product of 
0 3 concentration and time). For example, exposure at 0.2 ppm for 500 s 
produced a reflection absorbance 33% higher than exposure at 1.0 ppm for 
100 s. Some concern exists because the aircraft samples were collected over 
periods of approximately 1 -10 h, much longer than the sampling periods of 1 -10 
min used by Lambert and coworkers. 

Despite considerable continuing attention to the broad issue of environmen¬ 
tal sampling of 0 } , the MBTH method does not appear to have been used in 
any sampling studies after the DOT airliner investigation. Of the recent papers 
that report development of improved sampling methods, only one cites the 
work by Lambert and co-workers (Zhou and Smith 1997); others do not even 
acknowledge it (Monn and Hangartner 1990; Grosjean and Hisham 1992; 
Koutrakis et al. 1993; Black et al. 2000). 

In addition to the concerns about the accuracy and precision of the sam¬ 
pling method, concerns regarding the use of integrated sampling have been 
raised. The evidence from real-time monitoring clearly demonstrates that 0 3 
in aircraft is highly variable with time. Thus, integrated sampling can fail to 
detect important occurrences of increased cabin 0 3 . For example, ifin a 10-h 
flight O, was very low for 9 h but was high (above 0.5 ppm) for 1 h, an accu¬ 
rate time-integrated measurement would reveal a low concentration (approxi¬ 
mately 0.05 ppm). However, the peak (0.5 ppm) would represent a real health 
concern and, if it occurred above aflightaltitude of32,000 ft (9,750 m), would 
be above the regulatory limit (14 CFR §121.578). 

The authors of the DOT study concluded, on the basis of their 0-, mea¬ 
surements, that “all values were consistently below flight, occupational, and 
environmental standards by the Federal government. . . . This and current 
scientific knowledge leads to the conclusion that ozone does not pose a health 
hazard to cabin crew members or passengers.” 
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The committee notes that in at least two respects the evidence does not 
support the authors’ conclusion. First, high ambient 0 3 encountered during 
cruise clearly can lead to cabin 0 3 concentrations that exceed the DOT stan¬ 
dard and ambient air-quality standards in the absence of effective controls. 
Therefore, at a minimum, the conclusion should be qualified to state “provided 
that control measures are functioning effectively.” Second, high ambient Oj 
occurs episodically, so one cannot conclude on the basis of flight-integrated 
measurements that the peak concentrations are below the appropriate stan¬ 
dard. 

0 3 measurements on aircraft have been reported in several other post- 
1980 studies. However, because of methodological concerns or small sampling 
scope, they add little to our knowledge of Oj concentrations in the aircraft 
passenger cabins. 

Eatough et al. (1992) measured 0 3 in four 4- to 5-h flights on DC-10 
aircraft in which smoking was permitted. The authors used sorbent tubes, 
which measure time-weighted average concentrations. The flight-average 
values ranged from less than 0.002 to 0.020 ppm, with an overall average of 
0.009 ppm. The use of integrated samplers limits the utility of the data. 

In 1990, inresponse to a request from the Association ofFlight Attendants 
(AFA), the National Institute for Occupational Safety and Health (NIOSH) 
conducted a health-hazard evaluation of cabin air quality (Sussell and Singal 
1993). The investigation included real-time measurements of 0 3 on three 
Alaska Airlines shoit-haul flights on MD-80 aircraft during July 1990 along the 
West Coast of the United States. Because details of the measurement tech¬ 
niques were not included in the report, the accuracy of the data is difficult to 
judge. Nonetheless, the data indicate that episodic peaks were encountered 
in each flight, and peak concentrations were much larger than average 0 3 
concentrations. The limited data reinforce the finding that the use of time- 
averaged samplers for O, is inadequate to demonstrate compliance with DOT 
regulations. 

In a study conducted for the Boeing C ompany, Spengler et al. (1997) made 
air-quality measurements in several modes of commercial transport. Measure¬ 
ments in aircraft passenger cabins were made on four flight segments in 1996. 
Integrated average 0 3 concentrations were “consistently below the limit of 
detection for the method used(i.e., 1.8 to 9.8 ppb).” Again, the use of inte¬ 
grated samplers limits the utility of the data. 

In a research proj ect funded by the American Society of Heating, Refrig¬ 
erating and Air-Conditioning Engineers (ASHRAE), 0 } measurements were 
made on eight commercial flights of Boeing 777 aircraft (ASHRAE/CSS1999; 
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Pierce etal. 1999). As noted above, 0 5 converters are standard on ventilation 
systems on the Boeing 111, Four segments were domestic (1.000-1,500 miles), 
and four covered international routes (over 3,000 miles). Monitoring was done 
duringJuly 1998. 0 } was measured with a continuous, direct-reading electro¬ 
chemical sensor. The reported in-flightmean0 3 concentrations on domestic 
and international flight segments were 46 and 53 ppb, respectively. 

Two technical aspects of the measurement system used by Pierce and co- 
workers are troubling. First, the authors reported that the instrument was 
calibrated with 2 ppm ofN0 2 in air (ASHRAE/CSS1999). It is highly unusual 
to calibrate a pollutant-monitoring device with a pollutant different from the one 
to be measured. Second, the reported accuracy of the monitoring instrument 
is ±0.075 ppm. Because that value is comparable with the lower concentration 
in the standard and is higher than the mean measured, the entire set of sam¬ 
pling results must be called into question. If the data were accurate, they 
would provide some evidence of degraded performance of the O s converter 
relative to the rated efficiency of 95%. On the basis of a default retention 
ratio of 0.7 and converter efficiency of 95%, the inside O s concentration 
should only be 3.5% of the outside concentration—0,7( 1 -0.9 5) = 0.03 5. Per¬ 
formance would not appear to be as good in these flight segments. The maxi¬ 
mal ambient 0 3 encountered by an aircraft is likely to be about 1.0 ppm 
(Nastrom et al. 1980). Therefore, with the 0 3 converter operating at its rated 
efficiency, the maximal concentration in the cabin should be no higher than 
about0.04 ppm. The reported maximum of3 times that suggests a converter 
efficiency of approximately 85%. 

Finally, a substantial study of an quality' in aircraft cabins is in its late 
stages. The work is being conducted by NIOSH in partnership with the FAA 
Civil Aeromedical Institute (Waters et al. 2001). The project includes sampling 
on 37 flight segments in 11 aircraft types of four airline companies. 0 3 is 
measured in real time with an electrochemical sensor. As noted earlier, such 
sensors have limited sensitivity and resolution. Preliminary' results, indicate 
substantially higher O , concentrations than reported for the other post-1980 
studies. On the basis of gate-to-gate measurements, the reported average 0 } 
is 0.20 ppm, which is well in excess of the DOT standard of 0.1 ppm. The 
reported average peak O, on these flights is 0 -28 ppm. The reported maximal 
time-weighted average and peak are 0.55 ppm and 1.0 ppm, respectively. 
These values are high enough to trigger serious concern; how ever, the inves ti- 
gators have indicated that the results are preliminary. Because the results 
have not been subjected to peer review', further evaluation of the data will not 
be warranted until a written report has been issued. 
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In summary, unacceptably high Oj concentrations can occur in passenger 
cabins of commercial aircraft in the absence of effective controls. The 1986 
National Research Council (NRC) report (NRC 1986b) On the aircraft cabin 
environment included this recommendation: 

The Committee could find no documentation of the effectiveness of 
the various methods being used by the airlines to control 0 3 . There¬ 
fore, the Committee suggests that FAA carry out a carefully designed 
program to ensure that cabin 0 3 concentrations comply with Depart¬ 
ment of Transportation regulations. 

In a 198 7 DOT report to Congress, a commitment was made to establish such 
a program: 


The FAA will issue biennial action notices requiring FAA inspectors 
to report on the present status of all U.S. air carriers’ compliance with 
the existing 0 3 regulations. The response to the action notices will be 
summarized and published. Identified deficiencies will be corrected. 

However, perhaps because of the low concentrations of 0 3 reported in the 
1989 DOT study (Nagda et al.1989; Nagda et al. 1992), no such program 
appears to have been implemented. For reasons discussed above, the present 
committee does not find that there is any basis for confidence that the DOT 
0 3 standard is regularly met Nor does it appear possible to demonstrate that 
without a continuing program that incorporates regular real-time 0 3 monitoring 
on aircraft. Therefore, the potential for high 0 3 in aircraft cabins remains a 
concern. A program of regular monitoring of cabin O,, particularly on high- 
altitude, high-latitude flights, is necessary to document the effectiveness of 
control measures. Such monitoring must use reliable and accurate measure¬ 
ment equipment that is capable of making real-time 0 3 measurements. 


CONTAMINANTS WITH INTERNAL SOURCES 

Sources of contaminants inside the cabin are associated with the passen¬ 
gers and crew in the form of bioeffluents, viruses, bacteria, allergens, and 
spores; these contaminants are shed from clothing or skin or expelled from 
oral, nasal, or rectal orifices. Structural components of the aircraft, luggage, 
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personal articles, food, and sanitation fluids can also be sources of vapors or 
particles. Furthermore, surface residues on aircraft components can be 
sources of cleaning compounds, pesticides, or simply accumulated debris. The 
sources and the mechanisms of their emission and dispersion are not specific 
to the aircraft cabin environment Most public transportation conveyances will 
have similar sources. However, aircraft environments are somewhat different 
given the high surface-to-volume ratios and the relatively small volume-to- 
passenger ratios. 

The following subsections discuss contaminants associated with passen¬ 
gers and their belongings, aircraft component materials, cleaning materials and 
dust, and pesticides. In several cases, few published data are available on the 
aircraft environment, and data on similar indoor environments are presented. 
For a discussion of similarities between building and aircraft environments, see 
Appendix B. As noted in the introduction to this chapter, biological agents 
(e.g., infectious agents and allergens) are discussed in detail in Chapter 4; they 
are not addressed further here. 


Passengers and Belongings 

Passengers and crew are sources ofbioeffluents, allergens, and infectious 
agents. Through metabolic activity and personal sanitary habits, people can 
emit odors that others perceive as unpleasant. Bioeffluent emi ssion rates are 
presented in Table 3-5 for several common compounds as prepared by the 
NRC Subcommittee on Guidelines for Developing Spacecraft Maximum Al¬ 
lowable Concentrations (SMACs) for Space Station Contaminants (NRC 
1992). 

As suggested by data in Table 3-5, the passengers and crew are the pri¬ 
mary sources of CO, in the cabin. Studies conducted in the aircraft environ¬ 
ment indicate that CO, can range from 293 to 4,238 ppm (see Table 1-2). 
C0 2 is often used as a marker ofthe adequacy of ventilation, which is critical 
in the aircraft environment. For the building environment, Wargocki et al. 
(2001) found on review of the current literature that '‘increasing the ventilation 
rate improves perceived air quality, decreases the prevalence of SBS [sick- 
building syndrome] symptoms, improves clinical symptoms, reduces absentee¬ 
ism and improves the performance of office work.” 

In addition to producing bioeffluents, passengers may apply odor-producing 
products including nail polish, nail-polishremover, cologne, and perfume. Mea¬ 
surements ofVOCs during cruise have identified many compounds, which are 
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TABLE 3-5 Human Sources of Bioeffluent Aircraft Cabin Contaminants' 


Substance 

Metabolic Generation Rate 
(mg/day per person) 

Alcohols 

Methanol (methyl alcohol) 

1.42 

Ethanol (ethyl alcohol) 

4.00 

2-Methyl-1 -propanol (isobutyl alcohol) 

1.20 

1 -Butanol (n-butyl alcohol) 

1.33 

Aldehydes 

Ethanal (acetaldehyde) 

0.08 

Pentanal (valeraldehyde) 

0.83 

Hydrocarbon 

Methane 

600.00 

Ketone 

2-Propanone (acetone) 

0.13 

Mercaptans and sulfides 

Methanethiol (methyl mercaptan) 

0.83 

Ethanethiol (ethyl mercaptan) 

0.83 

1 -Propanethiol («-propyl mercaptan) 

0.83 

Organic acids 

2-Oxopropanoic acid (pyruvic acid) 

208.30 

o-Pentanoic acid (valeric acid) 

0.83 

Octanoic acid (caprylic acid) 

9.17 

Organic nitrogen compounds 

1-Benzapyrrole (indole) 

25.00 

3-Methylindole (skatole) 

25.00 

Miscellaneous 

Hydrogen 

50.00 

Ammonia 

250.00 

Carbon monoxide 

33.30 

Carbon dioxide 

8.8 x 10 5 b 


1 1UPAC or accepted name is provided with common name in parentheses, where 
relevant. 

b Estimate based on generation rate of 0.31 L/mm, which was used by ASHRAE to 
determine ventilation standards (ASHRAE 1999). 

Source: Data from NRC (1992). 


listed with then concentration ranges in Table 3-6 , data on other transportation 

modes are presented for comparison. 
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TABLE 3-6 Volatile Organic Compounds Frequently Detected in Passenger Compartments of oi 

Transportation Vehicles and Their Concentrations 

Concentration, ftg/m 3 “ 

Aircraft 


Compound 

Commercial Uses or Sources 

Aircraft 
(1994) 

(1996), 
Boeing 111 

Trains 

Buses 

Subways 

Ethanol 

Bioeffluent, distilled spirits 

280- 4,300 

290-2,600 

170-1,700 

50-260 

130-300 

2-Prapancii 

Distilled spin is, solvent 


12-43 

0-33 

7-63 

9-23 

Acetone 

Bioeffluent, sealants, adhesives, solvent 
for cellulose acetate 

74-150 

52-140 

49-92 

30-73 

30-92 

2-Buianone 

Solvent in resins, adhesives, nitro¬ 
cellulose coatings and vinyl films, 
cleaning fluids; printing catalyst; in 
lubricating nils 

3-16 

4-8 

3-11 

4-18 

4-17 

tf-IJmonene 

Seem in cleaners 

12-24 

2-45 

1-17 

190- 

490 

1-6 

Pentadiene isomer 

Combustion exhaust 

10-30 

— 

0-30 

0-20 

10-20 

Benzene 

Aviation fuel, gasoline, perfumes 

1-6 

— 

2-4 

2-6 

4-7 

Toluene 

Gasoline, solvent for paint, thinner, 
coatings and rubber, cosmetics 

0-29 

9-19 

7-54 

15-39 

13-27 

m- & p-Xylene 

Gasoline, solvent in cosmetics 

0-8 

2-4 

3-9 

648 

5-50 

Trichlorotluoro- 

methane 

Aerosol sprays, blowing agent for 
polyurethane foam, refrigeration, fire 
extinguisher 

0-2 

3-6 

3-6 

1-4 

3-150 

Ethyl acetate 

Whiskey fermentation 

0-4 

0-26 

2-20 

2-10 

0-4 

Dccanc 

Gasoline, solvent 

37016 

36926 

36971 

6-34 

36966 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 
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1.1.1- 

Trichloroethane 

Solvent for chlorinated rubber, various 
organic materials (oil, grease, eta.) 

0-3 

0-5 

2-10 

1-2 

2-5 

Telrachloroethene 

Dry cleaning; solvent and degreaser for 
oils, wax, etc. 

0-16 

5-28 

3-29 

2-180 

5-12 

1,2,4- 

Trimethylbenzene 

Gasoline 

0-4 

0-2 

2-5 

4-15 

4-8 

n-Undecane 

Gasoline 

0-20 

4-20 

6-61 

6-27 

5-31 

o-Xylene 

Aviation gasoline, solvent foralkyd 
resins, lacquers, insecticides, drugs 

0-3 

0-2 

1-3 

3-17 

3-25 

n-Hexane 

Gasoline, solvent 

— 

0-20 

0-3 

2-6 

0-6 

MTBE (methyl 
t erf-butyl ether) 

Fuel additive 

— 

— 

2-5 

5-1! 

5-21 

Naphthalene 

Mothballs, lubricant, solvents 

— 

0-2 

2-8 

2-6 

3-14 

Vinyl acetate 

Plastic resin 

— 

0-2 

0-4 

0-6 

0-7 

Chloromethane 

Silicones, tetraetbylead, synthetic 
rubber and methyl cellulose, refrigerant, 
fumigants, herbicide 


3-4 

\A 

3-4 

3-n 

DichlorofluTo- 

methane 

Refrigerap) 

— 

4-9 

1-12 

4-22 

7-42 


a Blank cell indicates below limit of detection. 
Source: Adapted from Dumyahn et al. (2000). 
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Aircraft Component Materials 

Many aircraft components are made of lightweight plastics. For example, 
the overhead luggage compartments, sidewalls, ceilings, lavatories, and bulk¬ 
head separators are made of formed plastics. Accordingly, passengers and 
crew can be exposed to various plasticizers, such as phthalates. Animal and 
human studies indicate that exposure to such plasticizers as mono(2-ethylhexyl) 
phthalate (MEHP), which is the primary hydrolysis product of di(2-ethylhexyl) 
phthalate (DEHP), may cause adverse health effects. 0ie et al. (1997) sug¬ 
gested that phthalates play a role in asthma by mimicking prostaglandins and 
thromboxanes in the lungs. Doelman et al. (1990) demonstrated that MEHP 
induced bronchial hypersensitivity in rats, and Roth et al. (1988) concluded that 
DEHP from respiratory tubing used to ventilate preterm infants induced lung 
damageinthem. More recently, Jaakkolaetal. (2000) reported adjusted odds 
ratios for persistent wheezeof3.42 (95% confidence interval, 1.13-10.36) and 
for cough of 2.41 (95% confidence interval, 1.04-5.63) in a cross-sectional 
study of2,568 Finnish preschool children that evaluated the relationship be¬ 
tween the presence of plastic wall materials in the home and respiratory 
health. These findings are consistent with earlier studies by Jaakkola et al. 
(1997). Although the health evidence linking phthalates to respiratory effects 
is still limited, exposures to these chemicals may be associated with several 
respiratory symptoms, including bronchial obstruction, asthma, and respiratory 
infections. 

Passengers and crew may be exposed to coatings used on aircraft compo¬ 
nents. For example, because water condenses between the wrapped insulation 
barrier and the colder metal surface of the plane, the internal surface of the 
fuselage is coated with anticorrosive and antimicrobial materials. Fabric seat 
and floor coverings, like other commercial materials, may be treated with stain- 
resistant and antifungal-antibacterial chemicals. Although the potential for 
exposure to these coatingmaterials exists, no published data were available to 
determine the extent or degree of exposure of passengers and crew to these 
materials. 

Other materials associated with the aircraft can be sources of VOCs (see 
Table 3-6). Some measurements of VOCs in planes suggest that foaming 
agents, plastic resins, and cleaning materials contribute to the contaminant 
burden. However, measurements of VOCs and of other organic compounds 
(e.g., aldehydes) are limited. Concentrations reported to date are integrated 
samples that do not indicate short-term concentrations exceeding odor thresh¬ 
olds or occupational limits. However, further investigation of VOCs in aircraft 
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may be warranted in that several chamber studies conducted by Malhave 
(2001) and Otto et al. (1990) demonstrate that individual VOCs and mixtures 
of VOCs can lead to progressive eye, nose, and throat discomfort over several 
hours of continuous exposure. 

Although the concentrations for individual compounds may be well below 
their individual odor thresholds, occurrence as mixtures may degrade the per¬ 
ceived air quality ot lead to sensory irritation (Cometto-Muniz 2001; Malhave 
andNeilsen 1992; Ten Brinkeetal. 1998). Cabin air quality can also be per¬ 
ceived as unacceptable because of interactions with temperature, humidity, and 
the combined effects of mixtures. Fang et al. (1998a, 1998b) conducted a 
series of sensory-perception tests in which subjects evaluated the quality of 
various air samples (clean air versus air with common indoor sources present) 
at different temperatures and humidities. The sources were scaled to approxi¬ 
mate normal loadings found in office buildings. The study results indicated that 
as airbecomes warm and moist, people cannot discriminate among emissions 
from different sources, and they uniformly rate the quality as low. Drier, 
cooler, clean air is perceived as better, and the introduction of odorants is 
recognized and discriminated more readily in cooler and drier air (see Figure 
3-3). Although the experimental conditions usedbyFang and co-workers do 
not extend to the low humidity range experienced on commercial aircraft, then- 
results suggest why passengers and crew may be able to distinguish specific 
odors in the dry air of aircraft that cause them concern regarding air quality. 


Cleaning Materials and Dust 

The interiors of aircraft are cleaned between flights. One airline reported 
that aircraft on the ground overnight are thoroughly cleaned (e.g., floors, flight 
deck, and closets vacuum cleaned; tray tables, walls, and windows washed; 
debris collected; and galleys and lavatories wiped and sanitized), and aircraft 
between flights receive spot cleaning (e,g,, debris collected and galleys and 
lavatories wiped and sanitized) (K. Vailu’u, United Airlines,personal communi¬ 
cation, June 1 9 , 2001). During more extensive scheduled maintenance, the 
interior passenger compartment components (e.g., seats, flooring, and over¬ 
head storage compartments) are removed; carpet and seat upholstery may be 
replaced, andportionsofthe air duct distribution system are removed. On the 
basis of committee tours of maintenance facilities, debris and soot appear to 
accumulate on the inside of planes. 
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FIGURE3?3 Acceptability of air samples with different pollutant loadings versus clean 
air as function of enthalpy. Enthalpy is defined as energy content of air where cool 
and/or dry air has low enthalpy and warm and/or moist air has high enthalpy. O, clean 
air, n, wall paint; 0, carpet; A, floor vamish; •, sealant. Source: Adapted from Fang 
et al. (1998a). 

As indicated above, minimal information was provided by one airline re¬ 
garding cleaning practices and materials; theteommittee could not reach any 
conclusions regarding the thoroughness or adequacy of cleaning on the basis 
of that information- Nor could the committee determine the potential for 
cleaning-product residues or the debris remaining in the carpet and upholstery 
to be-resuspended or the potential for exposure of passengers and crew. 
Accordingly, the following is a general discussion of cleaning practices, clean¬ 
ing products, and possible effects of dust exposure; it isnot specific to aircraft. 

Wolkoff et al. (1998) revieweddhe chemical and physical properties of 
cleaning agents,’which are designed to facilitate the removal of debris from 
surfaces without damaging materials. Active components include surfactants, 
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corrosion inhibitors, solvents, disinfectants, complexing agents, and water 
softeners. Pigments, fragrances, and preservatives are also present in some 
products. Cleaning agents contain both volatile and nonvolatile components 
(see Table 3-7). When cleaning agents are applied, the emissions of volatile 
components peak within 2 h after application and then decay exponentially 
over many hours. 

Denmark has required registration of washing and cleaning agents since 
1986. Chemicalcompositiondataonover2,500agentsareavailable. Prod¬ 
ucts have been categorized into six distinct groups. Table 3-8 summarizes data 
on the hazards associated with those categories. The disinfectant category 


TABLE 3-7 Components or Constituents of Cleaning Agents 


Component or Constituent 

Examples 

Volatile Substances 

Fragrance 

Terpenes (a-pinene, lirnonene) 

Solvent 

Glycols, glycol ethers (dipropylene gly¬ 
col, 2-ethoxyethanol, 2-methoxyethanol) 

Biocide (disinfectant) 

Formaldehyde and releasers 

Plasticizer (softener) 

Phthalates 

Residual monomer from polymer (film) Styrene, methacrylate 

Decomposed product 

Impurities in raw products 

Nonvolatile Substances 

Tensides 

Soap, detergent 

Film formers 

Wax, polish, acrylate polymer 

Complexing agents 

Ethylenediamine tetraacetic acid 
(EDTA), citrate salts 

Acids 

Phosphoric acid 

Bases 

Sodium or potassium hydroxide 

Fillers 

Sodium chloride or sulfate 

Biocides (disinfectants) 

Benzalkonium chloride, formaldehyde 
releasers 

Colors, pigments 

Different substances 


Source: Adapted from Woikoff et al. (1998). 
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TABLE 3-8 Number of Products Classified As Irritant (Xi), Harmful to 
Health (Xn), or Corrosive (C) and Content of CRAN 2 Substances in 
Selected Danish Cleaning Agents 



Classified 

Products 

(%) 

Number ofProducts 
Classified as 

Number of CRAN 

Product Category 

Xi 

Xn 

c 

Substances m 
Products 

Disinfectants 

75 

39 

22 

38 

22 

Floor polishes 

2 

— 

1 

1 

18 

Furniture polishes 

33 

— 

2 

— 

4 

Universal cleaning 
agents 

33 

10 

— 

2 

12 

Wash an d care 
cleaners with wax 

0 

— 

— 

— 

27 

Wash and care 

cleaners without wax 

13 

13 

2 

to 

17 


* CRAN: carcinogenic substance, reproductive toxicant, allergen, or neurotoxic sub¬ 
stance. 


Source: Boiglum and Hansen 1994 (as cited in Wolkoff et al 1998). Reprinted with 
permission from The Science of Total Environment ; copyright 1998, Elsevier Science. 


had the highest percentage (7 5%) ofproducts classified; many were identified 
as irritants, corrosives, or potential causes of serious adverse, chronic health 
effects. 

Case studies over the last 25 years have associated respiratory and eye 
symptoms with carpet cleaning in buildings (Persoff and Koketsu 1978, as 
cited in Kreiss et al. 1982; Robinson et al 1983; Schmitt 1985; Berlin et al. 
1995)- Excessive use or improper dilution or application was the probable 
cause, but these cases provide evidence that inhaled carpet-cleaning residues 
can cause dry cough and irritation of the throat, skin, and eyes. 

More recently, workplace exposures to cleaning compounds have been 
clinically associated with asthma and pulmonary-function changes. McCoach 
et al. (1999) examined 17 cases of occupational asthma associated with floor¬ 
cleaning materials. Provocation bronchial-challenge tests of six of the workers 
confirmed that floor-cleaning compounds caused the asthma observed. Rosins 
(e.g., pine oil and tall oil) and benzalkonium chloride were the constituents 
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identified as bronchial irritants; they had been associated with occupational 
asthma in earlier studies (Irmocenti 1978; Burge etal. 1986; Burge and Rich¬ 
ardson 1994). In addition to respiratory effects, Taylor and Hmdson (1982) 
have linked exposure to ally] phenoxyacetate in dry carpet shampoo to occupa¬ 
tional dermatitis. 

Another possible source of contaminants to which passengers and crew 
may be exposed is dust or PM. Vacuuming, mopping, and abrasion can resus¬ 
pend particles in indoor dust. Resuspension can create personal PM exposures 
50% higher than area measurements when averaged over 12-24 h (Clayton et 
al. 1993). However, active walking on surfaces can raise airborne dust to over 
10 times preagitation conditions (Hambraeus et al. 1978). Active vacuum 
cleaning can also greatly increase concentrations of fine particles (Lioy et al. 
1999) and cat allergens (Woodfolk et al. 1993). However, because the air- 
exchange rates on aircraft are high, airborne-particle exposure resulting from 
the activities noted would probably persist for only minutes. 

Airplane dust should be similar in composition to dust in homes and offices. 
Dust contains minerals, metals, textile, paper and insulation fibers, combustion 
soot, nonvolatile organics, and various materials ofbiological origin (e.g., hair, 
skin flakes, and dandeT). Dust can be a vehicle for absorbed organic com¬ 
pounds, such as polycyclic aromatic hydrocarbons. In addition, airplane dust 
can include residues from cleaning agents and pesticides (see discussion be¬ 
low). 

Little information on particle mass and number counts on airplanes exists 
(see Table 1-2). The previous NRC report (1986a) noted that mass concen¬ 
trations of respirable particles (mass median aerodynamic diameter approxi¬ 
mately 3.5 pm) routinely exceeded 100 gg/in 1 while passengers were actively 
smoking in the designated areas. In the absence of smoking, mass concentra¬ 
tions were usually less than 50 pg/m 3 and often below 25 pg/m 3 . More re¬ 
cently, measurements made on a Boeing 777 (nonsmoking flight.) yielded 10- 
minPM 2 5 concentrations of3-l 0 pg/m 3 during cruise and 11 -90 ug/m 1 during 
boarding (Spengler et al. 1997). Measurements reported by Nagda et al. 
(2001) also support findingsof low concentrations of respirable particles. They 
reported a mean PM 10 and PM 2 5 concentration of less than 10 ug/m 3 in the 
cabin during cruise. In comparison with particle mass concentrations (PM | 0 
and PM Z 5 ) in U.S. office buildings—indoor concentrations of 3.0-35.4 ug/m 3 
forPM !0 and 1.3-24.8 ggbn 3 for PM, s , according to Burton etal. (2000)—air¬ 
planes would rank at the lower end of the concentration ranges during the 
nonsmoking cruise portion of a flight. 
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Ultrafine particles (aerodynamic diameters less than 0.1 pm) are formed 
in copious amounts in pyrolysis of oils, combustion of fossil fuels, and chemical 
reactions between 0 3 and unsaturated hydrocarbons. Episodic events of high 
ultrafinc-particlc counts would be expected when engine or ground-equipment 
exhaust enters the passenger cabin. In contrast with catastrophic engine oil- 
seal failures, which are accompanied by visible smoke in the cabin, slowly 
leaking oil that c omes into contact withhot ECS or engine components would 
result in ultrafine-particle formation that might not be perceived in the cabin air. 
Similarly, O,. reactions known to produce ultrafine particles (see Table 3-2) 
could create imperceptible but large amounts of ultrafine particles. Although 
ultrafine particles may be introduced into the aircraft cabin, no data are avail¬ 
able on counts. 

Although no published data on health effects of particle exposure on air¬ 
craft are available, dustiness and surface soiling have been associated with 
complaints of comfort and irritation in schools and offices (Wallace et al. 1991; 
Skov et al. 1989; Norback and Torgen 1989; Roy et al. 1993). Skyberg et al. 
(1999) conducted an intervention study in which the effect of office cleaning 
on mucosal symptoms was investigated in 104 nonsmoking office workers. 
The office spaces of 49 workers (intervention group) were thoroughly cleaned. 
The office spaces of the other 55 workers (control group) received the usual 
superficial cleaning. The intervention group experienced a 27% decrease in 
mucosal symptoms, whereas the control group experienced an increase of2% 
(p = 0.02). Nasal volume increased in the intervention group by 15% but 
decreased in the control group by 6% (p=0.02). The indoor airborne-particle 
concentrations were lower by more than 20 jig/nr in the intervention group. 

Wyon et al. (2000) conducted a double-blind reverse-intervention study of 
enhanced filtration and air cleaning in a London office building. Occupants 
reported (p< 0.05) less fatigue, less eye ache, clearer thinking, and improved 
productivity with better-filtered air. Electronically cleaned air did nothave as 
impressive an effect on symptoms. 

Mendell et al. (19 99) explored enhanced submicrometer particle filtration 
on an office buildings without known complaints. In a double-blind study, 
conventional filters were periodically replaced with HEP A filters. Sub¬ 
micrometer-particle mass was significantly lowered, but2-gm-particle concen¬ 
trations did not change. Of 16 reported symptoms, 13 improved slightly. 
However, improvements reached statistical significance in only three of the 
symptoms (confusion, “too stuffy,” and “too humid”). This study also showed 
that an increase in temperature by 1 °C, although well within the comfort 
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range, significantly increased complaints. A1 °C increase in temperature had 
offset the improvements in filtration by a factor of 2-5, indicating that many 
factors affect perceptions of occupants. 

The emerging literature from well-designed double-blind studies and clini¬ 
cal investigations strengthens the observations reported for almost 15 years. 
Dust—perhaps because of the biological agents, fibers, VOCs, cleaning resi¬ 
dues, or other components—can adversely affect the airways, skin, and eyes 
of occupants. Accordingly, because of the absence of published data specific 
to aircrafts, systematic sampling of dust on aircraft floors and seats should be 
conducted. Information should include dust loadings (gram per unit area) and 
concentration of the components (gram per gram). If problems are identified, 
the airlines should review their cleaning practices (e.g., cleaning frequency and 
materials and equipment used) and incorporate newly available techniques to 
assess the quality of cleaning (Kildcso and Schneider 2001). 


Pesticides 

The use of pesticides in aircraft for the purpose of insect control is com¬ 
monly referred to as disinsection (Nautnann and McLachlan 1999). The coun¬ 
tries that require disinsection on aircraft are listed in Table 3-9 according to 
disinsection procedure and include Australia, New Zealand, India, and many 
island nations (DOT 2001). Some of the countries require disinsection only on 
selected flights on the basis of the origin of in-bound flights; others require 
disinsection on all in-bound flights. Disinsection is conducted because it is 
believed to protectpublic health, agriculture, and the native ecosystems from 
unwanted inseetpests. However, theUnited States eliminated the practice of 
disinsection on in-bound flights in 1979 because the Centers for Disease Con¬ 
trol and Prevention concluded that disinsection of aircraft was ineffective in 
preventing inseetpests from entering a country and that it would pose a poten¬ 
tial health risk to passengers and crew (Anonymous 1999). 

The countries that continue to disinsect aircraft base their decisions on 
reported incidents in which an unwanted vector of human disease has entered 
the country, established itself, and caused an outbreak of disease (Nautnann 
and McLachlan 1999; WHO 1995). Airport malaria and runway malaria have 
been reported. In airport malaria, a person contracts malaria from an infected 
mosquito transported on an aircraft from a malarious region; in runway ma¬ 
laria, a person contracts malaria during a stopover in a region where malaria 
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TABLE 3-9 Countries That Require Disinsection 


Countries That Treat All In-Bound Aircraft 

Countries that Treat Selected 
In-Bound Aircraft (Origin of 

Passengers on 
Board 3 

Passengers Not on Board 
(Method) 15 

Aircraft Targeted for 
Disinsection) 0 

Grenada 

Australia (residual treatment) 

Czech Republic (areas of 
contagious diseases) 

India 

Barbados (residual treatment) 

Indonesia (infected areas) 

Kiribati 

Fiji (residual treatment) 

South Africa (areas of malaria 
or yellow fever) 

Madagascar 

Jamaica (residual treatment) 

Switzerland (intertropical 
Africa) 

Trinidad and 
Tobago 

New Zealand (residual 
treatment) 

United Kingdom (malarial 
countries) 

Uruguay 

Panama (spiay treatment) 



“ Aerosolized spray used as treatment. 

b DOT (2001) also mentioned that American Samoa sprayed aircraft while passengers 
were not on board but did not include this country in list. 

c No information provided on method of treatment or passenger presence during 
treatment. DOT (2001) noted that Guam requires disinsection on all flights from Com¬ 
monwealth of the Northern Mariana Islands, Thailand, Philippines, Korea, Indonesia, 
Malaysia, the Federated States of Micronesia, Papua New Guinea, Solomon Islands, 
and the Republic of the Marshal Islands. Furthermore, flights from Taiwan, Korea, and 
Japan are disinsected during some months. Residual treatment was listed as disin¬ 
section method for Guam. 

Source: Information from DOT (2001). 


is endemic (WHO 1995). Karch and co-workers (2001) summarized cases 
associated with malaria vectors in European aircraft and estimated that 78 
cases of airport malaria have occurred in western Europe since 1977. Of the 
78,28 cases occurred in France, primarily at the Paris Roissy Airport, which 
is the port of entry for aircraft from tropical Africa. The fatality rate was 
estimated to be about 5%. Gratz et al. (2000) reviewed cases of airport ma¬ 
laria and other related cases of malaria (see Table 3-10) and noted that airport 
malaria can be problematic if an infected person (e.g., a person who lives near 
an airport) has no history of travel to a malarious areas; proper diagnosis can 
be delayed, and the risk of death increased. 

As indicated in Table 3-10, countries that continue to disinsect aircraft 
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TABLE 3-10 Countries in Which Confirmed or Probable Cases of Airport 
Malaria Have Been Reported, 1969-August 1999 



Period 






Country 

1969-77 

1978-86 

1987-95 

1996-98 

1999 

Total 

France 

9 

3 

11 

3 

— 

26 

Belgium 

0 

9 

7 

I 


17 

Switzerland 

3 

0 

5 

1 

— 

9 

United Kingdom 

4 

3 

0 

7 

— 

14 

Italy 

0 

1 

3 

0 

— 

4 

USA 

0 

0 

3 

1 

— 

4 

Luxembourg 

— 

— 

— 

2 

3 

5 

Germany 

0 

0 

2 

1 

1 

4 

Netherlands 

0 

2 

0 

0 

— 

2 

Spain 

0 

1 

1 

0 

— 

2 a 

Israel 

0 

0 

0 

1 

— 

1 

Australia 

0 

0 

0 

I 

— 

1 

Total 






89 


' Original table mistakenly reported zero. 

Source: Grate et al. (2000). Reprinted with permission from Bulletin ofthe World Health 
Organization, copyright 2000, World Health Organization. 


justify the practice by pointing to data that show that insects are transported 
by aircraft (Naurnann and McLachlan 1999). Data on the numbers of insects 
transported by aircraft appear to differ considerably and to depend on the 
place of origin and the time when the assessments were conducted. Forex- 
ample, an average of 11.4 insect per aircraft in Australia was estimated for the 
1970s, while an average of 0.05 insect, including 0.04 mosquito, per aircraft in 
the Philippines was reported for the same period. Furthermore, an average of 
0.1 mosquito per inbound flight in the United States in 1963 was estimated, 
while an average of 0.18 mosquito per aircraft arriving in the United Kingdom 
from tropical countries in 1985 was reported. The high number in the Au stra- 
lian studies may have been the result of accumulation from a large number of 
flights or the result of stopping and refueling at overseas airports at night when 
bright lights, which attract insects, are used to service aircraft. 
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Disinsection Procedures 

Regardless of the controversy surrounding disinsection, some countries, as 
stated above, continue to disinsect aircraft. Two publications (WHO 1985; 
WHO 1995) form the basis of current disinsection practices that are used, or 
required, by various countries. For passenger cabins, five disinsection proce¬ 
dures appear to be used and include “blocks-away” spraying, “top-of-descent” 
spraying, “on-arrival” spraying, residual treatment, and pre-embarkation spray¬ 
ing (Naumann and McLachlan 1999). 4 All procedures with the exception of 
pre-embarkation spraying have been approved by the World Health Organiza¬ 
tion (WHO) (WHO 1995; Naumann and McLachlan 1999). The methods are 
discussed below. 

Blocks-away, top-of-descent, and on-arrival spraying are similar in that the 
passengers are on board the aircraft while die spraying is conducted 
(Naumann and McLachlan 1999). The procedures differ in the time of spray¬ 
ing. Blocks-away spraying is conducted when the aircraft is loaded, doors are 
closed, the aircraft is prepared for departure, and the wooden blocks are re¬ 
moved from the front of the aircraft tires, allowing the aircraft to taxi to the 
runway for takeoff. Top-of-descent spraying is conducted before descent to 
the port of destination. On-arrival spraying is conducted by a quarantine offi¬ 
cer who boards the aircraft at the port of destination and s-prays the cabin 
while the passengers are on board. The passengers must remain on board for 
5 min after treatment. Top-of-descent and on-arrival spraying may result in 
lower total exposure of passengers and crew than blocks-away spraying be¬ 
cause the time spent on the aircraft after the pesticide has been sprayed is 
shorter. WHO (1995) commented that 1 ‘Member States should limit any rou¬ 
tine requirement for disinsection of aircraft cabins and flight decks with an 
aerosol, while passengers are onboard, to aircraft operations originating in, or 
operating via, territories that they consider to pose a threat to their public 
health, agriculture or environment.” 

Residual treatment and pre-embarkation spraying are similar in that no 
passengers are on board while the spraying is conducted. Because passengers 
are not present, these procedures tend to be preferred by the airlines (WHO 
1995). Residual treatment is conducted by trained operators who certify the 
aircraft for a period of 8 weeks (WHO 1995); high-use surfaces require touch- 


4 For cargo compartments, three options appear to be used and include preflight 
spraying, on-anival spraying, and residual treatment (Naumann and McLachlan 1999). 
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up spraying during this period. Residual treatment of an aircraft has the poten¬ 
tial to expose passengers who fly only domestically because aircraft that are 
treated can also be used on domestic routes. Pre-embarkation spraying, which 
is being investigated as a new procedure (WHO 1995), is conducted after 
catering of the aircraft, before passengers board the aircraft, and within 1 h of 
departure. 


Composition of Pesticide Sprays 

The pesticide sprays are composed of a pesticide (the active ingredient), 
a propellant, and possibly solvents. The most commonly used pesticides are 
cf-phenothrin andpermethrin (cis:transratio of25:75), which belongto a class 
of pesticides known as pyretftrokis, and are recommended by WHO for 
disinsection (WHO 1995). Permethrin is considered a residual pesticide and 
</-phenothrin a nonresidual pesticide. No pesticides are registered in the Unit¬ 
ed States for use as disinsectants in occupied aircraft (Anonymous 1999). 

The disinsection procedures use sprays that vary in composition (Naumarm 
andMcLachlan 1999; WHO 1995). For blocks-away, top-of-descent, and on- 
arrival spraying, the aerosol sprays typically contain 2% d-phenothrin and are 
applied at 1 g/s and aimed to disperse 10 g of formulation per 1,000 ft 1 . The 
preflight application often used in conjunction with the procedures noted is 
typically a 2% permethrin formulation. For residual treatment, a 2% aqueous 
emulsion of permethrin is typically applied at 10 mL/m 2 and aimed to deliver 
permethrin at a rate of 0.2 g/m 2 ; a higher application rate maybe required for 
carpets. For pre-embarkation spraying, an aerosol spray containing both 2% 
d-phenothrin and 2% permethrin is typically used with application designed to 
disperse 10 g of formulation per 1,000 ft 3 . Both pesticides are used because 
the d-phenothrin kills insects present in the cabin at the time of spraying, and 
the permethrin kills insects that enter the cabin between spraying and depar¬ 
ture, The permethrin also has a repellant effect that discourages insects from 
entering the cabin. 

In addition to the active ingredients, a propellant is present in the aerosol 
sprays (WHO 1995). Two chlorofluorocarbons (CFC 11 andCFC 12) were 
recommended by WHO but are no longer recommended because of their O r 
depleting potential. Although partially halogenated chlorofluorocarbons have 
a lower 0--depleting potential, they are considered to be only transitional sub¬ 
stitutes. Hydrofluorocarbons are considered the ideal substitutes because they 
have minimal Q 3 -depleting potential. However, several ofthem (e.g., HFC 32, 
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HFC 143a, and HFC 152a) are flammable and therefore are not considered 
suitable for use in aircraft. HFC 134a and HFC 227ea are nonflammable and 
might be recommended by WHO for use in disinsection of aircraft. 

In addition to the active ingredients and propellant, solvents (e.g., petro¬ 
leum distillates) might be added to enhance the solubility of the active ingredi¬ 
ents (WHO 1995). However, the amount of solvent added is typically small 
(0.067 %). A synergist (e g., pipe tony) butoxide) might also be added to the 
pyrethroid formulation to increase activity of the pesticide (WHO 1995). 


Pesticide Exposure 

No information on quantitative measmes of exposures of passengers or 
crew to pesticides is available. However, passengers and crew clearly receive 
inhalation and dermal exposures if pesticides are sprayed while they are on 
board the aircraft. If pesticides are sprayed before a flight (blocks-away 
spraying) or during a flight (i.e., top-of-descent spraying), passengers may 
continue to receive dermal exposures after spraying because the aerosol spray 
settles onto interior surfaces, which serve as areservoir for later dermal expo¬ 
sures. Oral exposures can occur as a result of hand-to-mouth activity. 

Passengers and crew are also exposed to pesticides through residual or 
pie embarkation spraying, but these exposures are primarily oral and de rmal 
because the cabin is treated while the passengers and crew are not on board. 
Inhalation exposure would not be a primary route of exposure because d- 
phenothrin and permethrin have low volatility. 

Wipe samples, taken by a flight attendant who appeared to use the proper 
equipment and procedure, showed concentrations of permethrin of 0.17-0.69 
ug/cnr (J. Murawski, AFA, personal communication, March 5,2001). The 
wipe samples were obtained from four surfaces after a residual spray treat¬ 
ment several hours before boarding of a 747-400 aircraft. The values cited 
may be underestimates; no data were provided on the efficiency of an alcohol - 
swipe method to capture such a highly lipophilic substance as permethrin. 


CONTAMINANTS FROM AIRCRAFT SYSTEMS 

Contaminants from the aircraft systems (e.g., engines) may enter the cabin 
in bleed air. The stages at which air is bled from the system depend on the 
aircraft and the flight segment, Bleed air can also be supplied by the APTJ, 
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which is a small turbine engine usually in the tail cone of the aircraft. The 
APU provides bleed air to the aircraft when the main engines are not operat¬ 
ing, or when main-engine power demands are high during specific flight seg¬ 
ments and main-engine bleed air cannotbe spared. See Chapter 2 for further 
details on the bleed-air system. 

Problems can arise when fluids used in the operation and maintenance of 
the aircraft enter the bleed-aii system. However, few data have been col- 
1 ected on contaminants that might be present in engine bleed air under normal 
operating or upset conditions. This section addresses the potential for lubricat¬ 
ing oils, hydraulic fluids, deicing fluids, and their pyrolyzed products to enter the 
aircraft cabin. 

Over the years, newspaper reports have documented incidents in which 
smoke, fumes, or mists have entered a passenger cabin or cockpit (Norton 
1998, Acohido 2000, Arlidge and Clark 2001). Many of the incidents have 
been attributed to the entry of engine lubricating oils or hydraulic fluids into the 
cabin through the bleed-air system. The oils or fluids enter the ECS as a re suit 
of equipment failures (e.g., leaking engine-oil seals). Many estimates have 
been provided of the frequency of such events ranging from one in 22,000 
flights (Winder 2000) to one in 1,000 flights (Hood 2001), In testimony before 
an Australian Senate inquiry, Jean Christophe Balouet stated that 70 “major 
smoke/haze events” and 500 “severe fume events” have been estimated to 
occur each year worldwide (Parliament of the Commonwealth of Australia 
2000). The committee was not able to verify any of the estimates. 

Balouet further stated that “some aircraft types, especially B Ae 146, MD 
80, B 737, A 300, and a limited number of companies.., have been the cause 
of over 90% of the world wide problems identified today, whereas they repre¬ 
sent less than 3% of world flights” (Parliament of the Commonwealth of Aus¬ 
tralia 2000). A recent study using information from several years of operation 
for three airlines attempted to quantify the relative frequency of air-quality 
incidents for aircraft (C. van Netten, University of British Columbia, personal 
communication, November 13,2001). Although the results cannot necessarily 
be extended to other airlines, they demonstrate that the frequency of incidents 
can vary considerably from one aircraft to another—3.88 per 1,000 flight 
cycles for the BAe 146, 1.29 per 1,000 flight cycles for the A320, 1.25 per 
1,000 flight cycles for the B747,1.04 per 1,000 flight cycles for the DC-10, 
1.02 per 1,000 flight cycles for the MD-80,0.63 per 1,000 flight cycles for the 
B767, and 0-09 per 1,000 flight cycles for the B737. See Box 3-4 for further 
discussion of problems with air quality on BAe 146 and MD-S0 aircraft. 

The airlines do not publicize the frequency of those events. However, that 
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BOX 3-4 RA.c !4<>and MD-SO Aircraft /. . 

$cime aircraft types have beeu associated with air-quality pcqblenis in which : 
Srtvoke ot fumes enter the passenger cabin or cockpit. .One such aircraft is the ' 
BAe 146, which was the foetts of a recent investigation by-ifee Australian Scqate - ■ 
fParMameDt of the Commonwealth of Australia 2000). .Persistent problems with. 

• *h is airari ft have been noted -since the early 5 996$. To-or cabin.ai r qtmtity has ' ' > 

. teen attrrbured to excessive oil-'seal leaks in tbernam engin’es or the Al’V ' 

‘These leaks allow lubricating oibto enter the blraxl-air system, where hrgh. ‘'-4 
..'ijqriip'CTalwrfis can rolartfee.or pyrolyze the oil and'result ip. smote in the aircraft 1, 

• cabin or cockpit. Thu frequency of the leaky in Australian BAe idbaircraii has ' 
;,\ippi;rcporteiias'onern6dfl%tite;m 1992 atifloriem 128.flights in ISat.^Ayiinler'' 1 
; 20W), The outcome ofilhe Australian Seriate mvestigatitftrwas tlie'issiuiiioe: at 1 •» 
^.aUwoffhtucss directive (AD)'by the Attstraltan Civil AviationSafety,, ‘ 
''Afifhonty (CASA). The^ADrequiresiuiveStigatutn. lind reportmg.bfany 
-SVSpjtettd cabin air contamination with etigius oi J {Airworthiness liirenhye, ■ - - 
"March A;, 2001}.- Ikuthcnrore, thftecavc cmnponeufshiit&t be fltwl before ■ tj 
verifier flight or wi{Kih IB flight hifur?, with the provision that'dilif source of;;; 

f cWiifaiiniiaripti is isolated’ ffpin fee pnsstyiger cabm andpodcpit.. .";> ■■ ■,, 

' .Another .jiveptf: thut bas.teen associated with poor cabin ait quality i$ the tVtCt * 
An.ihvcitigntipp.hy'the AFA.f6driftthat ?.T/i'pTdTr-<pialjfy incidents' ioioneu i /•! 
' .rtt^Tftjc- were qttnbuted -to the .MD450- pfrj&otaSkV 199S),; j AA, in a notice wf ■ < "‘7 ',' 
proposed rule-rnakiDg for an-ikD^described the,ptabferns with the MO^Sd , [ \ 

..aihcYaft {Ted. Resist. 6S(l l Jj-iaaiy J S-,.2000).' Smoke and odor fairye been - - .) * * 
Teporthil ir' the-passenger cabins of .tftbse oncrafL investigation indicated:. "t-i - j 
.fjfftihe problems' result from the-‘"failure of. dhydrattlicpipdtfi'theafti ftLkehrge',/’- 
accessory aunpaitmc-al.'' Failure of.the component, leads to -lealcjig rtf hydtauliir >«•; 
: tjuids nt the bilge area of tire tailcone and .the drainage and ingestion of the - , A f] 
‘fluids into the air intakeof the APL. which results in the smoke and odors that ; ' 
htiycheen observed in the passenger cabin and cockpit of these nireraft, The 
Al> became effective on September"12,2000, -and requires-repkceipcM'of faulty* ;: r j 
...hydraulic cosnpouents-ind installation of draiV, tubesand diverter assemblies-in 
' theurea/of the Ab'i/inlet( 1 4-C FR f’ui; J9i. - 4 7';'/' ■' 


leaks do occur is supported by information provided in the Boeing 737 mainte¬ 
nance manual, which describes how air can become contaminated and how to 
purge contaminants from the system (Boeing 1998). Specifically, the manual 
indicates that “smoke or fumes” may enter “the passenger cabin or the flight 
compartment through the air distribution system during flight.” The problems 
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are attributed to leaks of oil, fuel, hydraulic fluids, or deicing fluids from the 
engines or APU or ingestion of the fluids into the inlet of the engines or APU. 

Because no published data are available on contaminants present in bleed 
air (orcabin air) during an air-quality incident (e,g., leakage of engine lubricat¬ 
ing oil or hydraulic fluid into the cabin air-supply system), data on the composi¬ 
tion of engine lubricating oils and hydraulic fluids are useful for determining 
potential exposures. Components of some engine lubricating oils and hydraulic 
fluids are summarized in Table 3-11. 

As indicated in Table 3-11, engine lubricating oils contain cresyl phosphate 
isomers. Specifically, these oils typically contain 3% tricresyl phosphate (TCP) 
with the neurotoxic isomer tri-o-cresyl phosphate (TOCP) present at 0.1% 
(van Netten 2000). Although the Australian material safety data sheet 
(MSDS) for Mobil jet oil 291 indicates “no reportable ingredients,” theU.S. 
MSDS for this oil indicates the presence of TCP isomers. Common ingredi¬ 
ents in hydraulic fluids are tributyl phosphate, butyl diphenyl phosphate, and 
dibutyl phenyl phosphate. Although itis not indicated in the MSDSs, hydraulic 
fluids may contain as much as 1% TOCP (van Netten 2000). 

Independent laboratory' analyses confirmed the presence of the TCP 
isomers mMobi]jetoil254,MobiljetoiHr,and MobiljetoiI291 andoftributyl 
phosphates in Skydrol 500B-4, Skydrol LD-4, and Hyjet IV-A + (van Netten 
2000, van Netten and Leung 2001). The only difference that c ould be identi¬ 
fied between Mobil jet oil II and Mobil jet oil 291 was the absence of 
A L phenyl-l-rtaphthalenamine in Mobil jet oil 291. These analyses also indi¬ 
cated that Hyj et FV-A H contained TCP isomers, which were not reported in the 
MSDS for this product. 

Although information on the composition of engine lubricating oils and 
hydraulic fluids is useful, it does not positively identify components that would 
be present in bleed air as a result of equipment failures. Laboratory experi¬ 
ments have been conducted to determine constituents that might be generated 
when engine lubricating oils and hydraulic fluids are exposed to high tempera¬ 
tures (i.e., 525 °C) like those in some aircraft engines (van Netten 2000, van 
Netten and Leung 2000, van Netten and Leung 2001). The results showed 
thatCastrol 5000, Exxon 3280, Mobil jet oil II, Mobil jet oil 254, and Mobil jet 
oil 291 release TCP isomers that can be trapped in air at room temperature. 
These compounds appear to remain airborne and are probably associated with 
smoke particles. Many otheT compounds are also generated, including sub¬ 
stantial amounts of CO. Hydrogen cyanide (HCN) was generated in very 
negligible amounts under the conditions of these experiments. 
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TABLE 3-11 Components of Some Engine Lubricating Oils and Hydraulic 
Fluids, as Reported in Material Safety Data Sheets 


Type of Oil or Fluid 

Reported Components (wt%) 

CAS No. 

Engine lubricating oils 

Mobil jet oil 254 

Tricresyi phosphate (1-5%) 

1330-78-5 

Mobil jet oil II 

Tricresyl phosphate (1-5%) 

1330-78-5 


iV-Phenyl-l-naphthalenamine (1-5%)* 

90-30-2 

Hydraulic fluids 

Skydrol 5 

Triisobutyl phosphate 

126-71-6 

(Solatia Inc.) 

Triphenyl phosphate 

Epoxy-modified alkyl ester 

115-86-6 

Skydrol 500B-4 

Tributyl phosphate 

126-73-8 

(Solutia Inc.) 

Dibutyl phenyl phosphate 

2528-36-1 


Butyl diphenyl phosphate 

Epoxy-tnodified alkyl ester 

2752-95-6 

Skydrol LD-4 

Tributyl phosphate 

126-73-8 

(Solutia Inc.) 

Tributyl phosphate 

126-73-8 


Dibutyl phenyl phosphate 

2528-36-1 


Butyl diphenyl phosphate 

2752-95-6 


2,6-Di-terf-butyl-p-cresol 

Epoxy modified alkyl esters 

128-37-0 

HyJet IV-A* 

Tributyl phosphate (79%) 

126-73-8 

(Chevron) 

Cyclic aliphatic epoxide (<2.9%) 
Additives (<21%) 

3388-03-2 


‘Contains I wt% phenyl-a-naphthylamme (PAN). 


The hydraulic fluids Skydrol 5QQB-4, Skydrol LD-4, and HyJet TV-A* 
appeared to generate much less CO than the engine lubricating oils under 
identical conditions. Specifically, the oils produced CO at 56-141 ppm, and the 
hydraulic fluids at 2-18 ppm. Few compounds were detected in the air when 
the hydraulic fluids were heated. The constituents appeared to evaporate into 
the air before any pyrolysis took place. 
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The identification of CO as a degradation product when engine lubricating 
oils and hydraulic fluids are subjected to high temperatures indicates apotential 
acute hazard to passengers and crew. 

Trimethylolpropane phosphate (TMPP) was not detected in any of the 
experiments. This compound has been shown to form from trimethylolpropane 
esters and TCP isomers at high temperatures (Wyman et al. 1993; Wright 
1996). 

Although the experiments indicate components that might be present dur¬ 
ing an air-quality incident, it is important to know whether a constituent could 
be present at a hazardous concentration. Simple calculations illustrate that only 
very smal 1 quantities of oils need to be pyrolyzed under conditions that occur 
in the bleed air system to exceed commonly accepted health standards. See 
Box 3-5 fora sample calculation. Therefore, possible contaminant concentra¬ 
tions (e.g., of TCP isomers) thatmight result from upset conditions should be 
evaluated. 

The foregoing discussion focused on potential contaminants in bleed air 
during an air-quality incident. Another issue to address is the quality of bleed 
air during normal operating conditions. Nagda et al. (2001) conducted a study 
to investigate contaminants in bleed air under normal operating conditions. 
They obtained measurements on three wide-body Boeing 767s (two flights 
each), two standard-body Boeing 737s (one flight each), and two wide-body 
Boeing 747s (one flight each). Contaminants in bleed air appear to have been 
measured only on the Boeing 767. They measured C0 2 , CO, PM (PM 2 s and 
PM, a ), VOCs, aldehydes, ketones, and semivolatile organic compounds 
(SVOCs) in bleed air. 

Average C0 2 concentrations in the bleed air on the Boeing 767 during 
boarding, ascent, cruise, and descent were 680 ± 173 ppm, 402 ± 5 ppm, 340 
± 13 ppm, and 359 ±4 ppm, respectively. Average C0 2 concentrations in the 
cabin airontheBoeing 737 and Boeing 747 aiTcra ft during the different flight 
segments were 1,091-1,547 ppm. On the Boeing 767, C0 2 was measured in 
the cabin only for a 15-min period during cruise. PM and CO concentrations 
were extremely low. PM 25 and PM 10 were consistently below 10 pg/m 3 in 
bleed air and cabin air after instrument calibration. CO measurements were 
typically below 1 ppm (see Table 3-12). 

The authors noted that VOC concentrations were generally below those 
measured in buildings. Maximal concentrations of VOCs detected in bleed air 
are summarized in Table 3-13. For comparison, maximal concentrations in 
cabin air are also presented, where measured. The only VOCs detected in 
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TABLE 3-12 Carbon Monoxide in Aircraft Air 




Carbon Monoxide, ppm 



B767 Bleed 

B767 Cabin 

B737 Cabin 

B747 Cabin 

Boarding 

Average 

0.5 


1.0 

0.6 


SD 

0.1 


0.3 

0.1 


Maximum 

0.9 


1.7 

0.8 

Ascent 

Average 

0.1 


0.6 

0.3 


SD 

0.1 


0.1 

0.1 


Maximum 

0.3 


O.S 

0.5 

Cruise 

Average 

0.1 

0,1 

0.5 

0.1 


SD 

0.1 

001 

0,1 

0.1 


Maximum 

0.3 

01 

0.8 

0.3 

Descent 

Average 

0.3 


0.5 

0.2 


SD 

0.1 


0.01 

0.01 


Maximum 

0.7 


0.6 

0.3 


Source: Adapted from Nagda et al. (2001). 


cabin air that were not detected in bleed air were vinyl acetate, 4-methyl-2- 
pentanone, styrene, and 1,4-dichlorobenzene with maximal concentrations of 
0.94-4.9 pg/m 3 . The only VOC detected at a high concentration was methy¬ 
lene chloride in cabin air. Because bleed-air concentrations were below 10 
pg/m\ the methylene chloride in cabin air was attributed to a source in the 
cabin. 

Aldehyde and ketone concentrations were low. The authors noted that 
aldehyde concentrations were “lower than those encountered in ground level 
buildings." For example, maximal concentrations of formaldehyde were 2.1 - 
3.1 fig/m 3 m bleed air and 6.4-13.0 pg/m 1 in cabin air. Maximal concentrations 
of acetaldehyde were 26.4-30.7 pg/m 3 in bleed air and 20.8-70.2 pg/m 3 in cabin 
air. Acrolein, a strong respiratory irritant, was not detected in bleed or cabin 
air. 

SVOC concentrations were extremely low. In fact, only naphthalene was 
detected in bleed or cabin air. Maximal concentrations were 2.0-3.4 pg/m 3 in 
bleed air and 0-1.6 pg/m 3 in cabin air. No TCP isomers, including TOCP, 
were detected, and no TMPP was detected. 

On the basis of data obtained in this investigation, the authors rated the 
quality of the bleed air as high under normal operating conditions. However, 
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TABLE 3-13 Maximal Volatile Organic Compound Concentrations 


Compound 

Maxima! Concentration, ng/m 3 


Ascent- 
Bleed Ait 

Cruise- 

Bleed Air 

Cruise- 
Cabin Air 

Descent- 
Bleed Air 

Chloromethane 

2.4 

0 

0 

2.1 

Acetone 

15 

12 

130 

31 

Trich lorofluoromethane 

3.3 

2.2 

16 

2.3 

Methylene chloride 

5.4 

9.5 

2,900 

10 

Trichlorotrifluoraethane 

2 

0 

0 

o.s 

Carbon disulfide 

0 

2.2 

9.2 

0 

Methyl rert-butyl ether 

2.5 

0 

0 

52 

2-Butanone 

1.7 

1.7 

9.4 

6.1 

Benzene 

0 

0 

0 

7.3 

Trichloroethene 

0 

0 

0 

3.4 

Toluene 

9.3 

10 

21 

45 

Tetraehloroethene 

0 

1.1 

12 

2 

Ethylbenzene 

1.1 

0 

0 

6.8 

m- and p-Xylenes 

10 

i.5 

24 

28 

o-Xylene 

1.6 

0 

0 

7.8 

Source: Data from Nagda et a!. (2001). 


they noted that only 10 flights were monitored, and these flights “do not provide 
a statistically robust sample for representing the universe of all flights.” 

Other fluids that can potentially enter an aircraft ventilation system are 
deicing fluids. Deicing fluids are applied to aircraft on the ground before take¬ 
off under some weather conditions (e.g., freezing rain). Deicing fluids are 
usually aqueous solutions of ethylene glycol and/or propylene glycol containing 
proprietary additives (Ritter 2001). Because ethylene glycol is considerably 
more toxic than propylene glycol, the latter is being used more and more. The 
additives may include “a surfactant, polymer thickening agent, pH buffer, 
corrosion inhibitor, flame retardant, or dye.” Some concern has been raised 
about the toxicity of several additives (e.g., urea and tolyltriazoles). 

Aircraft deicing fluids are typically sprayed onto the aircraft at 150-180°F 
under high pressure to optimize the removal of snow or ice (Ritter 2001). 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 
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When the aircraft is scheduled to take off immediately after application, a type 
I deicing fluid is used; these typically contain 90% glycol and 8% water. When 
the aircraft is scheduled to remain on the runway for more than 15 min, it is 
sprayed with the deicing fluid and then with an anti-icing agent that contains 
65% glycol with apolymer thickener. Nopublished information is available on 
the fate of these fluids if they are taken into the engine or APU, heated to a 
high temperature, and released into the aircraft ventilation system. The com¬ 
mittee notes that application does not necessarily lead to exposure. 


CONCLUSIONS 

• When an aircraft is on the ground, exposure to various pollutants (e. g., 
Qj, CO, and PM) under normal operating conditions is determined primarily by 
the concentrations in the ground-level air. Contaminants result from ambient 
air pollution and airport sources (e.g., jet engine exhaust). 

• Exposure to ambient pollutants in the departure or arrival city’s air 
basin is limited because of the small fraction of time spent in takeoff and land¬ 
ing under normal flight conditions. 

• Atcruise altitude, the primary ambient air pollutant of concern is 0 3 . 

• O, concentrations in the aircraft cabin are controlled by active 0 3 
destruction by O , converters, by passive 0 3 destruction that occurs on the 
interior surfaces of the aircraft, and by flight planning. Some aircraft use 0 3 
converters to control 0 5 , but no formal process exists for ensuring a high level 
of converter performance. There is concern because 0 } converters are sus¬ 
ceptible to poisoning by deposits of PM and some chemicals. 

• The committee found no data that provided confidence that the DOT 
0 3 standard is regularly met. Nordoes itappear to be possible to demonstrate 
compliance without a program that incorporates regular real-time 0 3 monitor¬ 
ing on aircraft. 

• Although data on exposure to other contaminants in aircraft cabins are 
extremely sparse, there are some data on CO z , CO, PM, VOCs, and SVOCs 
under normal operating conditions. CO, concentrations appear to be below the 
FAA regulatory limit, although often higher titan the ASHRAE ventilation 
standard; CO and PM concentrations appear to be lower than health-based 
standards for ambient air; and VOC and SVOC concentrations appear to be 
similar to those in other public-transport vehicles. 

• Pesticides are used on selected international flights, but the committee 
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could not locate any quantitative data on pesticide exposure of passengers or 
crew members. 

• Incidents have occurred in which engine lubricating oils, hydraulic 
fluids, or their pyrolyzed products have entered the ECS and contaminated the 
cabin air. However, no available exposure data identify the contaminants 
present in cabin air during an air-quality incident. 

• Controlled-pyrolysis experiments in the laboratory indicate that a large 
number of volatile and nonvolatile agents (e.g., TCP isomers) are released 
from engine lubricating oils and hydraulic fluids into the ambient air, where 
they can be measured at room temperature. However, the components re¬ 
leased into the passenger cabin during air-quality incidents and their possible 
concentrations cannot be determined from the experiments. 


RECOMMENDATIONS 

• A surveillance program should be developed and conducted to monitor 
cabin 0 3 on a representative number of flights and aircraft to determine com¬ 
pliance with existing federal aviation regulations for O,. The program should 
accurately establish temporal trends in 0 3 concentrations and determine the 
effectiveness of O. control measures. Continuing monitoring should be con¬ 
ducted to ensure accurate characterization of O, concentrations as new air¬ 
craft come on line, and aircraft equipment ages and is upgraded. Monitoring 
should be done with reliable and accurate instrumentation that is capable of 
making real-time 0 3 measurements. 

• FAA should develop procedures for ensuring 0 3 converter perform¬ 
ance. At a minimum, FAA should conduct spot checks to verify that 0 3 con¬ 
verters are operating properly, according to the Federal Register (Vol. 45, 
No. 14, January 21, 1980). 

• Pesticide-exposure data should be collected to determine exposures 
of passengers and mew. 

• Wipe samples of aircraft cabin, cockpit, and ventilation ducts should 
be taken and analyzed after air-quality incidents to identify the contaminants 
to which passengers and crew were exposed. Filters from the aircraft ventila¬ 
tion system should also be analyzed to identify contaminants that have col¬ 
lected on them. 

• Because CO is most likely produced during air-quality incidents involv¬ 
ing leaks of engine lubricating oils or hydraulic fluids in the ECS, it should be 
monitored in the ducts that introduce air into the cabin or cockpit. 
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• More research should be conducted to determine products that might 

be generated when engine lubricating oils, hydraulic fluids, and deicing fluids 

are exposed to high temperatures that might be encountered in the ECS. 
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4 

Biological Agents 


This chapter provides general information on biological agents, identifies 
sources ofbioaerosols that might be found in aircraft cabins, and summarizes 
the environmental sampling of biological agents that has been conducted on 
commercial aircraft. The chapter also describes the two health effects consid¬ 
ered most likely to be associated with bioaerosot exposures in aircraft cab¬ 
ins—acute hypersensitivity disease and infectious respiratory disease. 


GENERAL INFORMATION ON BIO AEROSOLS 

The term bioaerosol includes a variety of airborne particles of biological 
origin (from plants, microorganisms, or animals), Forthis review, the commit¬ 
tee will consider bioaerosols according to their associated health effects (e.g., 
aeroallergens, biological toxins, biological irritants, and infectious agents) (see 
Table 4-1). 


Biological Agents in Outdoor Air Near the Ground 

Outdoor air up to an altitude of about 1,500 m (4,900 ft) contains abundant 
biological material (Lighthart and Stetzenbach 1994; Lacey and Venette 1995), 
especially fungal spores and pollen grains. Airborne bacteria and fragments 
ofinsects, plants, and soil also are present at various concentrations. Depend¬ 
ing on where the plane is located and the ambient conditions (e.g., the time of 
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TABLE 4-1 Examples of Common Biological Agents, Reservoirs, and Health 


Effects Related to Inhalation Exposure 

Agents 

Bioaerosol 

Reservoirs 

Possible Health Effects 

Aeroallergens 

Plant 

allergens 

Pollen grains, plant 
fragments 

Vegetation, settled 
dust 

Allergic conjunctivitis, 
rhinitis, sinusitis, asthma 

Bacterial 

Cells, cell fragments 

Growth in water or 

Hypersensitivity 

antigens 


on organic matter, 
settled dust 

pneumonitis 

Fungal 

Spores, cell fragments 

Growth in water or 

Allergic conjunctivitis, 

allergens 


on organic matter, 
settled dust 

rhinitis, sinusitis, asthma 

Arthropod 

allergens 

Dust mite or 
cockroach excreta and 
body fragments 

Settled dust 

Allergic conjunctivitis, 
rhinitis, sinusitis, asthma 

Mammalian 

allergens 

Particles of cat, dog, 
or rodent skin, saliva. 

Pets, pests, settled 
dust 

Allergic conjunctivitis, 
rhinitis, sinusitis, asthma 


or urine 



Toxins and inflammatory agents 

Bacterial 

Gram-n egati ve 

Growth in water or 

Humidifier fever. 

endotoxin 

bacterial cells and cell 

on organic matter. 

respiratory inflammation 


fragments 

settled dust 


Fungal 

Spores, cell fragments 

Growth on organic 

Toxic and irritant effects 

toxins 


matter 


Biological irritants and nuisance biological agents 

Microbial 

Gases and vapors 

Bacterial or fungal 

Irritant and nuisance 

volatile 


growth on organic 

effects (e.g., unpleasant 

compounds 


matter 

or annoying odors) 

Carbon 

Gases and vapors 

Human breath. 

Perception of insufficient 

dioxide. 


body odor 

fresh air, irritant and 

body 

effluents 



nuisance effects 

Infectious agents 

Infectious 

Droplets, droplet 

Infected or 

Acute viral respiratory 

viruses 

nuclei of sputum, 
saliva, nasal or throat 

colonized persons 

disease, influenza, 
varicella (chiekenpox), 


secretions 


measles 




(Continued) 
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Infectious agents (Continued) 


Infectious 

bacteria 

Droplets, droplet 
nuclei of sputum, 
saliva, nasal or throat 
secretions 

Infected or 
colonized persons 

Diphtheria, pertussis 
(whooping cough), 
bacterial pneumonia, 
meningococcal disease, 
tuberculosis 



Contaminated 

water 

Legionnaires’ disease 

infectious 

fungi 

Spores 

Growth in soil or 
on organic matter 

Histoplasmosis, 
coccidioidomycosis ($an 
Joaquin Valley fever) 



Growth in compost 
or on organic 
matter 

Aspergillus infection 


day, ground cover, wind speed, and precipitation), the outdoor air that enters 
a grounded aircraft through the ventilation system and open doors may contain 
a mixture of diverse bioaerosols. Exposure of passengers to outdoor bioaero¬ 
sols in grounded aircraft are likely to be similar to what would be experienced 
in an airport terminal or in traveling to and from airports (see Chapter 3 for 
sources of contaminants outside the aircraft). 


Biological Agents in Outside Air in Flight 

At flight altitude, the air outside an aircraft contains many of the same 
bioaerosols found at ground level, but at much lower concentrations (Lighthart 
and Stetzenbach 1994). Therefore, the likelihood of allergic reactions from 
components of outside air during flight is less. Exposure to solar radiation, the 
presence of ambient air pollutants, and low air temperature and relative humid¬ 
ity greatly reduce the virulence of infectious agents that may be in outside air 
at flight altitude (Kim 1994; Muilenberg, 1995, Mohr 1997). Furthermore, the 
high compression temperatures (about 250° C) and pressure (about 3,000 kPa) 
of the bleed air used for ventilation are likely to alter allergenic proteins and 
inactivate microorganisms that still are viable when they enter an aircraft 
through an outside air intake (Withers and Christopher 2000). Therefore, in 
flight, biological agents in aircraft cabins arise virtually exclusively from inside- 
sources rather than from the intake of outside air. 
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People 

People are a primary source of airborne bacteria and are the most impor¬ 
tant reservoirs of infectious agents on aircraft (Masterton and Green 1991). 
Studies that have measured the concentration of airborne microorganisms have 
concluded that culturable bacteria and fungi in aircraft arise principally from 
the cabin occupants and furnishings. Most microorganisms that have been 
isolated from occupied spaces, including aircraft cabins, are human-source 
bacteria shed from exposed skin and scalp and from the nose and mouth. 
These microorganisms are found normally on the human body (they are normal 
flora) and only rarely cause infections. People also are indirect sources of 
some allergens, as discussed in the following subsections. 


Arthropods, Pets, and Service Animals 


Arthropods 

Arthropods (e.g., flies, mosquitoes, spiders, dust mites, and cockroaches) 
can be found in aircraft, especially aircraft that spend time on the ground in 
tropical environments. Some ofthem are of concern because they are consid¬ 
ered hazards to public health, agriculture, or native ecosystems, and this has 
lead to the practice in some countries of disinsection of aircraft (see Chapters 
3 and 5). Dust mites and cockroaches are the only arthropods that might 
habitually infest aircraft and possibly become sources of allergens in the cabin 
environment. 

Dust mites thrive on protein-containing material in dust (e.g., skin scales 
and fungal spores), especially in warm, humid indoor areas; they can be found 
in any enclosed space where such conditions exist (Lundblad 1991; Menzies 
etal. 1993; Hung etal. 1993; Jankoetal. 1995; Squillance 1995; Arlian 1999). 
Dust mites require high humidity because they absorb water vapor through 
their exoskeleton rather than by drinking water. 

Cockroaches repeatedly have been recognized as a common source of 
indoor allergens (Powell, 1994). They flourish where sufficient food, moisture, 
and warmth are available (e.g., kitchens, bathrooms, and similar areas), and 
they can survive low ambient humidity better than dust mites and, unlike mites, 
search actively for the water they need to survive (Squillace 199 5). Allergenic 
proteins from cockroaches and mites are associated with particles that are 5 
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microns (pm) or greater and become airborne only when settled dust is dis¬ 
turbed (Platts-Mills and Carter 1997). 


Pets and Service Animals 

Depending on the air carrier, pets that are likely to be carried in the pas¬ 
senger cabins of commercial aircraft include cats and occasionally dogs, birds, 
rabbits, hamsters, guinea pigs, pot-bellied pigs, ferrets, and tropical fish. Most 
airlines limit the number of pets allowed in the cabin and the size of the animal 
carrier. The Air Carrier Access Act (ACAA, 14 CER382, Nondiscrimination 
on the Basis of Disability in Air Travel) protects the rights of air travelers with 
disabilities and requires that air carriers permit passengers to fly with their 
service animals in the cabin. 

Although pets other than service animals must be confined while onboard 
and the container stowed under a seat during takeoff and landing, particulate 
matter, including bioaerosols (particularly allergenic particles), readily can 
escape animal cages. Of the animals that are permitted to travel in aircraft 
cabins, cats are of greatest concern (BRE 2001) as they are prolific allergen 
generators (Chew et al. 1998). Cat allergens exist on skin flakes and saliva 
particles, a significantproportion of which is small enough to remain suspended 
in air for long periods (Wood etal. 1993;OrmstadetaI. 1995;Cnstovicetal. 
1999b). 

Dog allergens {from dander, saliva, and urine) might be carried on the 
clothing of dog owners or be shed by onboard pets or service dogs. The con¬ 
centration of airborne canine allergens generally correlates well with the 
amount in dust, suggesting that dog allergens are carried on fairly large parti¬ 
cles that settle quickly (Custovic et al. 1999a,b). 


Settled Dust 

Settled dust (house dust) is one of the m ost important reservoirs of indoor 
allergens and other biological agents, and the allergen content of dust is a 
primary indicator of exposure to many allergens (Platts-Mills et al. 1992; IOM 
1993a; Trudeau and Femandez-Caldas 1994). In aircraft cabins, dust might 
contain soil particles, fabric fibers, human hairs and skin fragments, residues 
of cleaningproducts andpesticides, and particles from arthropods, mammals, 
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and microorganisms. When analyzed by culture, the microbial population in 
dust is dominated by common spore-forming fungi and bacteria from soil or 
water (Logan and Turnbull 1999). Although some of the fungi in settled dust 
carry allergens and some of the bacteria have inflammatory properties, very 
few of these microorganisms are infectious, or they cause infection only in 
severely immunosuppressed persons. 


Microbiological Growth 

Most of the fungi and environmental bacteria in aircraft cabins enter wi th 
outside air while aircraft are on the ground or are carried in by the occupants 
(e.g., on their shoes, clothing, or hand luggage). Infectious agents that are 
transmitted from person to person generally grow poorly outside the human 
body, so contamination in an aircraft cabin is unlikely to be a source of them. 
Although some microorganisms may grow in cabin areas where moisture is 
routinely present (e.g., in water that condenses on the internal skin of an air¬ 
craft and collects in the bilge), exposure of cabin occupants to microorganisms 
resulting from environmental contamination has not been demonstrated. Fur¬ 
thermore, microbiological growth sufficient to result inbioaerosol release into 
cabin air would have to be fairly extensive, which is unlikely to go unnoticed 
on well-maintained aircraft. 

Air filters used in ventilation systems collect large numbers of microorgan¬ 
isms and other organic material, but bacteria and fungi that are captured on 
filters remain dormant and eventually die if water is not supplied (Moritz et al. 
1998). If sufficient wateris available, fungi can grow and eventually penetrate 
the filter of a personal respirator (releasing spores on the downstream s tde of 
the filter) (Pasanen et al. 1993). Therefore, it is possible that filters in aircraft 
ventilation systems could be a source of microbes; however, microbial growth 
on the filters used to clean recirculated air in aircraft has not been reported. 

Contaminated Fluids 

Several studies have documented that all humidifiers support some micro¬ 
bial growth (Burge etal. 1980; Sudaetal. 1995). The predominant contami¬ 
nants in such reservoirs are waterborne bacteria, often Gram-negative species 
(which contain endotoxin) and thermophilic actinomycetes (filamentous bacte¬ 
ria that prefer very warm conditions and produce airborne spores). 
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Glines (1991) suggested that exposure to Legionella species could be 
associated with the operation of humidification systems on aircraft. Legion¬ 
ella species were identified in one study of the water in an onboard humidifier 
and the air in the cockpit served by the humidifier (Danielson and Cooper 
1992; Cooper and Danielson 1992). It should be emphasized, however, that 
the cockpit is humidified on very few aircraft and the cabin air is not humidified 
on any aircraft (see the section on humidity control in Chapter 2). Therefore, 
passengers and cabin crews should have no opportunity for exposure to Iegion- 
ellae during air travel. The cockpit crew may be exposed to aerosolized bacte¬ 
ria if the water in a humidifier is contaminated and the unit is one that gener¬ 
ates a watermist, but contamination of water used in humidifiers or for drink¬ 
ing is unlikely if the water storage tanks on aircraft are well maintained and the 
water supply is clean. Furthermore, there is no evidence that Legionella 
species are transmitted from person to person. Therefore, the risk of disease 
transmission would be negligible even if a person infected with legionellosis 
were on an aircraft. 


Other Reservoirs of Potential Infectious Agents 

Sewage is a potential source of enteric pathogens and other biological 
agents on aircraft. Shieb et al. (1997) detected enteroviruses in aircraft sew¬ 
age. Airport waste handlers were identified as potentially at risk for exposure 
to enteric pathogens in aircraft sewage as a result of contact with waste mate¬ 
rial. Burton and McCleery (2000) investigated similar concerns for workers 
who clean, overhaul, and repair aircraft lavatoty tanks. Live bacteria were 
isolated from waste tanks, but none of them were types that are associated 
with intestinal disease; the authors suggested changes in work practices to 
reduce inhalation exposures and wound contamination with potentially infec¬ 
tious agents. 

Although no studies were identified that directly assess the aerosol-gener¬ 
ating potential of sewage-waste disposal systems on aircraft during normal 
operation or the potential for inhalation exposure of cabin crew or passengers 
to infectious agents in sewage from aircraft toilets, no significant potential for 
aerosol release into the cabin and no infections due to the operation of onboard 
toilets have been reported. Air from the restrooms on aircraft is not recircu¬ 
lated, reducing the opportunity for volatile and particulate contaminants to enter 
the passenger cabin. Air carrier adherence to regulations related to aircraft 
sanitation and the practice of good hygiene by passengers should be sufficient 
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to protect cabin crew and passengers from this potential source of exposure 
to enteric pathogens. 


ENVIRONMENTAL SAMPLING ON AIRCRAFT 

The 1986 NRC report recommended that the Federal Aviation Administra¬ 
tion (FAA) establish a program for the systematic measurement of microbial 
aerosols on a representative sample of routine commercial flights. In the last 
15 years, eight investigations of biological agents in aircraft cabins have sam¬ 
pled a total of more than 200 domestic and international flights on multiple 
airlines and 17 types of aircraft of various ages and designs (Table 4-2). 


Sampling for Calturable Bacteria and Fungi 

Bioaerosol samples on commercial aircraft typically have been collected 
in the breathing zone of a seated person (e. g., with a sampler placed on a tray 
table); a few air samples have been collected in galleys and lavatories and in 
supply and exhaust air streams (Wick and Irvine 1995; Dechow 1996; Dec how 
etal. 1997), Investigators have compared concentrations of biological agents 
found on aircraft with (1) ground-based public conveyances (Spengler et al. 
1997; Dumyahn et al. 2000); (2) common locations in a southwestern city 
(municipal buses, a busy shoppingmall, a sidewalk adjacent to a downtown 
street, and an airport departure lounge) (Wick and Irvine 1995); (3) hospital 
guidelines (Dechow 1996; Dechow etal. 1997); (4) a local indoor air-quality 
standard (Lee et al. 1999,2000); and (5) an undocumented occupational expo¬ 
sure limit (attributed to National Institute for Occupational Safety and Health 
(NIOSH) without reference) (ATA 1994; Janczewski 2001). The major 
observations from the studies, some of which were noted in more than one 
investigation, are as follows; 

* Concentrations and types of bacteria and fungi on aircraft: 

— Concentrations of culturable bacteria were higher than those of 
culturable fungi. 

— Bacteria were typical of those shed by humans or were common 
soil organisms. 

— Fungi were typical of those found in outdoor air and occupied 
indoor environments. 
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TABLE 4-2 Studies of Biological Agents on Commercial Aircraft 4 



Flights, 

Biological 

Sampler, Sampling 

Reference 

Aircraft 

Agents 

Location, Flight Segment 

Nagda et 

92 flights (23 

Cultivable 

Multiple-hole impactor 

al. (1989, 

smoking, 8 

airborne 

(SAS Compact) (90 

1992) 

international) 

bacteria, fungi 

L/min for 0.67,1.0, 1.3. 
2 .0,3.0 min) 


12 airlines 

Rank-order 

comparisons 

Smoking flights; middle 


Airbus; 


of nonsmoking section, 


B727, B737, 


rear of aircraft (smoking 


B747, B757, 
B7G7; DC8, 


section) 


DC9, DC 10; 


Nonsmoking flights: 


non 


middle of aircraft 


(Study 


Near end of flight, before 


conducted in 
1989) 


descent 

ATA 

35 domestic 

Cultivable 

Multiple-hole impactor 

(1994) 

flights 

airborne 

(SAS Compact) (90 



bacteria, fungi 

L/min for 1.3 min) 


8 airlines 


2 locations in first class; 


No 


2 locations in front, 


recirculation, 


center, and rear of coach 


B727.DC9 


class 


Findings _ 

Concentrations of both agents 
generally were higher with higher 
passenger loads. 

Concentrations of bacteria were 
higher than those of fungi and 
were somewhat higher in smoking 
sections, on wide-body aircraft, on 
aircraft with recirculation, and on 
flights with lower nominal air- 
change rates. 


All concentrations were below 
1000 CFU/m 1 and were 
proportional to number of cabin 
occupants. 

Concentrations of both agents 
were somewhat higher earlier in 
flights and in coach. 


Authors’ Conclusions 
Bacteria and fungi typically 
encountered in indoor 
environments that are 
characterized as “nomiar were 
also found in cabin air with 
similar prevalences and at similar 
concentrations. 

Neither bacteria nor fungi were 
present at concentrations 
generally thought to pose a risk 
of illness. 

No actions need be taken to 
reduce prevailing concentrations 
of bioaerosols. 

People and their activities were 
source of most contaminants, 

Concentrations of contaminants 
in aircraft cabins are not likely to 
cause adverse health effects. 

(Continued) 


so 
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TABLE 4-1 Continued 


Reference 

Flights, 

Aircraft 

Biological 

Agents 

Sampler, Sampling 
Location, Flight Segment 

Findings 

Authors’ Conclusions 

ATA 

Recirculated 

Purported 

Early and late phases of 

Concentrations were relatively low 

Removal of contaminants appears 

(1994) 

air, B757, 

NIOSH 

flight segments 

for all aircraft types, seating 

to be sufficient for both 


MD80 

recommended 


configurations, flight durations. 

ventilation designs because 



exposure limit 


and airlines. 

contaminant concentrations were 


(Year not 

Of! ,000 



below those common in other 


specified) 

CFU/ir? 


No agents of respiratory infections 

indoor spaces. 





were isolated. 


Spengler 

22 domestic 

Culturable 

Multiple-hole impactor 

(Findings applicable to both 

(Authors’ conclusions applicable 

ct aL 

flights 

airborne 

(Rurkard) (44-52 L/min 

Spengler et al. 1994,1997 and 

to bath Spengler et al. 1994, 

(1994, 


bacteria; 

for 2 min) 

Durr.yabn et al. 2000) 

1997 and Dumyahn et al 2000) 

1997) 

8 airlines 

culturable fungi 





in dust; cat and 

Coach section, front and 

Concentrations of bacteria and 

Concentrations of biological 


A30Q, A3 20; 

mite allergens 

rear 

fungi in air and fungi in dust were 

agents in vehicles were generally 


B727.B737, 

in dust; 


not significantly different across 

lower than those common in 


B747, B757, 

endotoxin in 

Terminal before boardjng. 

vehicle type with exception of 

homes and outdoor air, and none 


B767; DC9, 

dust 

onboard before takeoff. 

bacteria during aircraft deboardirtg. 

was present at concentrations that 


DC 10; MD80 


during cruise, during 


can be considered to present an 



Concentrations 

taxiing to gate; 

Concentrations of bacteria tended 

unusual exposure risk. 


(Study 

in other public 

occasionally during 

to be higher on planes with air 

Bacterial and viral respiratory 


conducted in 

transportation- 

deboarding (ground) 

leciiculaliot). 

agents were not measured, 


1994) 

vehicles 





■t*. 

o 


Dust samples (12 flights): 
4-5 min samples from 
carpet and seat 


For ground-transportation 
vehicles, highest concentration of 
bacteria was observed in subways, 
but airborne fungi were found 
most often in trains. 
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Dumyahn 

27 segments; 6 

Culture ble 

Multiple-hole ir.ipactor 

Bacteria were typical of human 

et al. 

domestic 

airborne 

(44 L/min for 1 min) 

sources. 

(2000) 

flights. 

bacteria; 




6 interstate train 

culturable fungi Rear of aircraft; center of 

Similar species of fungi were 


trips, 7 inter¬ 
state bus trips, 

in air and dust 

buses, subway, train cars 

isolated on all vehicle types. 


2 commuter 

Concentiations 

Immediately after 

Cat allergen was detected in most 


train trips, 0 

in other public- 

departure (ground), tnid- 

samples and exceeded 


subway trips 

transportation 

trip (about 60 min prior to concentration considered high in 



vehicles 

landing), immediately on 

two subway samples and one train 


B777 


touchdown 

sample. 


(Study 


Dust samples: 1-3 m 2 ; 4- 



conducted in 


6 seats per travel segment 



1990) 


per vehicle 


Wick and 

44 flights (38 

Culturable 

Centrifugal impacior 

Higher bacterial and fungal 

Irvine 

domestic, 4 

airborne 

(RCS) (40 L/min for 4 

concentrations were observed 

(1995) 

intercontinental, 

bacteria, fungi 

min) 

during periods of higher passenger 


2 international) 

Concentrations 

9 domestic, 2 

activity. 


1 airline 

in common 

international flights: first 

Little difference was seen in 



urban locutions 

class, coach, galleys 

concentrations of airborne bacteria 


B727, 8737, 
B767; BAe 


4 intercontinental flights; 

or fungi between locations. 


146; DCIO; 


multiple time intervals in 

Concentrations on aircraft were 


MD80; SWM 


flight 

highest 30 cm above floor near 
exhaust vents. 


Identifying effects of relative 
humidity, temperature, air 
movement patterns, and 
occupancy rates could be critical 
to understanding potential spread 
of infectious agents. 


Concentration of microorganisms 
in U.S. aircraft cabin air is much 
lower than in ordinary city 
locations and does not contribute 
1 o risk of disease transmission 
among passengers. 


(Continued) js. 
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TABLE 4-1 Continued E 


Reference 

Flights, 

Aircraft 

Biological 

Agents 

Sampler, Sampling 
Location, Flight Segment 

Findings 

Authors’ Conclusions 

Wick and 

(Study begun 


Various times: municipal 



Irvine 

in 1987) 


buses, shopping mall, 



(1995) 



downtown sidewalk. 



(Continued) 


airport departure lounge 



Dcchow 

14 scheduled 

Cultivable 

Slit impactor FH2 (50 

Fungal concentrations were 

Occupants are main source of 

(19%), 

intercontinental 

airborne 

LAnin for 2 min) 

extremely low, but bacterial 

airborne culturable bacteria. 

Dechow el 

Fights 

bacteria, fungi 


concentrations frequently exceeded 


al. (1997) 



Cockpits, galleys, toilets, 

the limits for hospital air. 

Exposures io fungi on aircraft 


2 airlines 

German 

all classes of passenger 


have no health significance. 



guidelines for 

cabins, supply air 
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— None of the bacteria and few of the fungi were considered poten¬ 
tial infectious agents. 

• Higher concentrations of culturable bacteria and fungi on aircraft were 
observed: 

— During periods of passenger activity (e. g., boarding and deplan¬ 
ing). 

— With higher passenger loads and in coach or economy class orthe 
rear of aircraft, compared with first or business class. 

— When cabin air was recirculated or air change rates were lower. 

— Near the cabin floor (in the exhaust air stream). 

• No statistically significant differences in concentrations ofculturable 
bacteria and fungi were observed: 

— Among different aircraft, airlines, or flight durations. 

— Between aircraft cabins and other types of public-transportation 
vehicles. 1 

— Between aircraft cabins and typical indoor and outdoor urban 
environments. 1 


Sampling for Allergens 

Few studies have measured the concentrations of allergens in aircraft 
cabins. (The allergen content of settled dust is reported as the amount of an 
agent per unit amount of settled dust—typically micrograms per gram (ftg/g)). 
Wickens et al. (1997) found that the concentration of dust mite allergens was 
much lower in public places (including aircraft) than in homes. Dumyahn et 
al. (2000) found similar concentrations of dustmite allergens in samples from 
aircraft and other transportation vehicles; the concentration of cockroach 
allergens on the four flight segments that were tested was close to the detec¬ 
tion limit of the assay method—essentially nonquantifiable. 

Cat allergen was found in low to moderate concentrations in all of the 
vehicles that Dumyahn et al. (2000) tested. The concentrations on trains and 
subways and in living rooms occasionally exceeded 8 pg/g, the concentration 
of cat allergen associated with sensitization (Chapman 1995; Gelber et al. 
1993). In the four aircraft that Dumyahn et al. (2000) sampled, the average 
concentration of cat allergen in cabin air was higher than the average for 24 


'Concentrations on aircraft often were lower than those in other locations. 
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homes even though no cats were on any of the flights. If a cat had been 
present, the concentration of cat allergen can be expected to be even higher 
(Chew et al. 1998} and conceivably could put sensitive individuals at risk of 
responding. 


Evaluation of Available Information on Bioaerosols 

Data on some biological agents in commercial aircraft cabins now are 
available as a result of the studies (see Tables 1-2 and 4-2) that were con¬ 
ducted after the publication of the previous NRC report (NRC 1986). Findings 
are consistent with patterns that have been observed in other occupied indoor 
environments. The bioaerosol data that have been collected on aircraft, how¬ 
ever, are of little value for the estimation of acute hypersensitivity disease and 
respiratory infections, which might be the most important health risks associ¬ 
ated with bioaerosol exposures in this environment. A discussion of acute 
hypersensitivity disease and respiratory infections related to bioaerosol expo¬ 
sures in commercial aircraft is presented later in this chapter. 


Microorganisms Sampled in Cabin Air 

All the bioaerosol samples described in Table 4-2 were grab samples 
(discrete, short-term samples ofrelatively small volume). The brief sampling 
times (up to 3 min) allow identification of rapid changes in bioaeiosol concen¬ 
trations but do not provide information on exposures throughout a flight unless 
sequential samples are collected, The number of samples collected per flight 
generally has been small, few replicates have been collected, and estimates of 
the variability within and between aircraft are poor. 

As can be seen in Table 4-2, bioaerosols have Only been measured with 
instruments that impact airborne particles directly onto agar and using culture 
media and incubation conditions that support the growth of broad groups of 
bacteria and fungi. Viruses have not been sampled because of practical diffi¬ 
culties. 

Culture-based analysis was used in all studies of cabin air as an indication 
o f exposure to microbial aeroallergens (especially fungal allergens). The viabil¬ 
ity of airborne bacteria and fungi was used as a surrogate measure of their 
infective potential, even though culture sampling is not a good method of mea¬ 
suring airborne exposure to microbial allergens or infectious agents. It seri- 
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ously underestimates the concentrations of microorganisms in environmental 
samples because many microorganisms growpoorly under laboratory condi¬ 
tions and some important infectious agents require special growth media or 
incubation conditions. Most bacteria that have been isolated in aircraft cabins 
represent normal human flora, reflecting human occupancy and activity, but 
they do not necessarily predict the presence of infectious agents that people 
release. Furthermore, the allergenic, inflammatory, toxic, or irritant properties 
of environmental microorganisms are not related to cell viability. Therefore, 
bacteria or fungi that may have been present in cabin air and could have had 
serious health effects in earlier studies would have been missed because of the 
inappropriate detection methods that were used. 


Other Biological Agents 

Studies of bioaerosols on aircraft have been interpreted in terms of poten¬ 
tial infection but have not considered the risks of inflammation, irritation, or 
toxicity. All but one of the studies in T able 4-2 also ignored the potential role 
of biological agents other than microbial agents, such as bacterial endotoxin, 
fungal toxins, and microbial volatile organic compounds. 


Bacterial Endotoxin 

Inhalation of endotoxin has been linked causally with acute airflow ob¬ 
struction and airway inflammation (Rylander 1994; Milton 1996). Although 
dust samples have been collected for comparison of endotoxin content in air¬ 
craft and other vehicles (Spengler et al. 1997; Dumyalm et al. 2000), no infor¬ 
mation has been published on the endotoxin content of those samples. Be¬ 
cause of a lack of data, it is not yet possible to determine whether endotoxin 
concentrations in aircraft cabins are high enough to be associated with adverse 
health effects. An ongoing NIOSII study is expected to provide relevant data 
on endotoxin concentrations in aircraft cabins (Waters et al. 2001). 


Fungal Toxins 

Low-molecular-weight fungal products that have toxic effects are called 
mycotoxins. There are no aircraft cabin air-quality studies in which airborne 
or dust-associated fungal toxins were measured, although some fungal species 


PM3006449072 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 




The Airliner Cabin Tinviromnent and the Health of Passengers and Clew 

hl^00^ na P a!u/,, rcnhf>okAJ , .!tl , .l|t82KV7n«inl/H7.html. copyright 2h>2.2MIE The Nalimal Academy irf Syicnixs. y]Jrights icscrvat 


Biological Agents 147 

that are known to produce toxins (e.g., species of Aspergillus and Peni- 
cillium) have been isolated from this environment. Extensive fungal growth 
would be necessary for cabin occupants to be exposed to high concentrations 
of fungal toxins, and it is not known whether inhalation exposures to myco- 
toxins on aircraft ever reach the levels that have been associated w r ith adverse 
health effects. 


Microbial Volatile Organic Compounds (MVOCs) 

MVOCs, which often have distinctive odors, are under study as possible 
markers of microbial growth (Batterman 1995; Ammarn 1999; Fischer et al. 
1 999). When more is known about the production of these compounds and 
their health effects, measurement of them might allow identification ofaircraft 
in which there are substantial reservoirs of microbial growth. 


Recommended Sampling for Biological Agents 

Bioaerosol sampling on commercial aircraft has been broadly based. If the 
prevalence of biological agents in the cabins of commercial aircraft is to be 
understood, rigorous studies focused on specific biological agents are needed. 
In this section, the committee offers suggestions for the types of studies that 
should be conducted. 


NIOSH-Sponsored Review 

NIOSH contracted with researchers from the University of Colorado to 
review the available studies on bioaerosol exposures in aircraft and to provide 
recommendations on the need for and design of studies (Hernandez and 
Swartz 2000). These recommendations covered whatmicroorganisms should 
be sampled, and why? When, where, and how in an aircraft should the sam¬ 
pling be conducted? How many samples should be taken? What types of 
aircraft and duration of flights should be sampled. 

Hernandez and Swartz (2000) recommended that microorganisms be 
collected in ways that allow analysis with a variety of methods (e.g., culture, 
staining and direct microscopic examination, immunoassay, chemical assay, 
nucleic acid amplification, and other molecular detection methods). High- 
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volume air sampling (a 100 L/min) may be needed in aircraft cabins for detec¬ 
tion limits to be low enough to yield useful exposure information. It was also 
recommended that studies of aircraft air quality not include endotoxin, fungal 
toxins, or other microbiological agents (e.g., fungal glucans) until assays for 
these materials are better developed and more evidence is available to suggest 
that these c ompounds are present in aircraft cabins at concentrations sufficient 
to cause adverse health effects. 

Hernandez and Swartz (2000) further recommended that future bioaerosol 
monitoring focus on some of the newest and oldest aircraft in service (the 
Boeing 747-400 and 727 series aircraft, respectively) and account for the 
following factors; extremes in air recirculation rates and replenishment of 
fresh air, operation of air filtration systems, medium and long flight duration (1 - 
4 h and over 5 h of stable cruise time, respectively), and passenger load. They 
Suggested that monitoring be conducted in the coach cabin with composite 
samples collected throughout a flight. 


Allergens 

Studies of common allergens in aircraft cabins are insufficient to assess 
the risk posed by allergen exposures on aircraft. Allergens usually are mea¬ 
sured through analysis of dust rather than air samples because few of the 
particles carrying allergens are fine enough to remain airborne for more than 
a few min. Dust samples, howev er, can be used only to estimate the potential 
for allergen exposure rather than actual exposure, because the concentration 
of an allergen in dust does not take into account other factors that may influ¬ 
ence exposure, such as the total density of dust on surfaces or its resuspension 
rate. More-sensitive analytical methods soon may make air sampling feasible, 
yielding better measurements of airborne allergens. 


Infectious Agents 

More information is needed on the frequency with which people are ex¬ 
posed to human infectious agents during air travel. Environmental sampling for 
infectious agents is problematic, however, because of the unpredictable pres¬ 
ence of infectious persons, the many agents that travelers may carry, the 
different volumes of air that would need to be collected to detect different 
microorganisms given their wide range of release rates and infectious doses 
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(the number of cells required to cause infection), and difficulties related to 
capturing airborne bacteria and viruses and preserving their biological activity 
for accurate identification and enumeration. Nevertheless, it may be possible 
to assay concentrated, large-volume air samples with methods that do not rely 
on culture, such as nucleic acid amplification assays, which are available for 
many of the infectious agents to which people may be exposed on aircraft 
(Mastoridesetal. 1999; Schafer etal. 1998; Aintablianetal. 1998;Echavarria 
et al. 2000). MacNeil et al. (1995) have reviewed these methods and their 
application to the evaluation of indoor air quality. 

The presence of infectious agents in cabin air also can be recognized by 
indirect methods, such as surveillance for disease transmission or isolation of 
microorganisms from passengers and crew members. Clinical specimens 
(e.g., throat cultures or sputum samples) have been collected from recent air 
travelers to isolate specific infectious agents (Clayton et al. 1976; Moser et al. 
1979; Brook, 1985; Klontzetal. 1989; Brook and Jackson 1992; Satoetal. 
2000; CDC, 2001a). Immunological tests on blood samples can also be used 
to identify infection, and tuberculin skin testing is a valuable tool to identify 
recent infection in studies of possible tuberculosis transmission. 

Release of tracer particles and modeling of particle dispersion in aircraft 
cabins also may play a role in the assessment of the spread of infectious 
agents and other biological materials generated by cabin occupants and their 
activities. NIOSH is modeling airflow and migration of airborne biological 
agents throughout typical aircraft cabins. With this model, exposures for crew 
members and passengers could be estimated and measures to minimize such 
exposures could be evaluated. Similarly, theeffectofpassenger-controlledair 
supply (gaspers) on the distribution of aeroallcrgcns and infectious agents could 
be assessed (BRJE 2001). 


HEALTH EFFECTS OF EXPOSURE TO BIOAEROSOLS 

The principal biological contaminants of potential concern in cabin air are 
allergens and infectious agents. Substantial numbers of individuals are sensi¬ 
tive to one or more airborne allergens. Several common allergens have been 
detected in aircraft cabins (e.g., cat and dust mite allergens). Peanut-allergic 
passengers have raised concerns about potential contact, accidental ingestion, 
and inhalation exposure to allergens released from p eanuts that are served or 
aircraft. 

Respiratory infections are fairly common in humans. For example, adults 
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annually experience one to six colds and infants and children may have two to 
six episodes of acute, febrile, respiratory disease a year (Chin 2000). Persons 
with influenza, measles, tuberculosis, and meningococcal disease are known 
to have traveled on commercial aircraft while infectious and evidence of trans¬ 
mission of the causative agents during air travel is convincing for the first three 
diseases. 

This section addresses the allergens of greatest potential concern in air¬ 
craft cabins, describes investigations that have been conducted of possible 
exposures to infectious agents on aircraft, and describes how exposures to 
biological agents in aircraft cabins can be controlled. 


Hypersensitivity Disease 

Immediate hypersensitivity involves stimulation of immunoglobulin E (IgE) 
antibodies. The condition occurs in persons who are genetically predisposed 
to mount an IgE response to spec i ft c allergens, have been exposed to a sensi¬ 
tizing dose of an allergen to which they are predisposed to respond, and are 
exposed appropriately to an allergen to which they previously were sensitized. 
An estimated 20% of Americans (over 50 million people) suffer from allergic 
rhinitis (hay fever) or other allergic diseases, and 8-17% of the population have 
asthma (IOM1993b; Montealegre and Bayona 1996; Bellanti and Walierstedt 
2000). Sensitivity to food allergens may induce asthma or anaphylactic reac¬ 
tions in some people, with the reaction triggered by ingestion or airborne expo¬ 
sure. 

For passengers on aircrafts, the initial sensitizing steps in the development 
of immediate hypersensitivity are unlikely to occur during travel because pas¬ 
sengers spend relatively little time in this environment. The situation could 
differ for a genetically susceptible crew member who had never previously 
encountered a common allergen but who was exposed repeatedly on aircraft. 
It is unlikely, however, that cabin personnel would have avoided exposure 
during childhood or early adult life to the allergens most likely to be present in 
aircraft. 

The major allergens that appear to be involved in the development and 
exacerbation of asthma are those associated with dust mites and cockroaches, 
cats, dogs, other small animals, Alternaria species and other fungi, and pollen 
(IOM, 2000). Patterns of allergen sensitivity often change with age so that 
young children are more likely to become sensitized and to respond to either 
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dust mite, cockroach, or fungal allergens, whereas adults respond primarily to 
cat or pollen allergens (Silvestri et al. 1999; Dharmage et al. 2001). 

A review of studies of health effects and pets concluded that cat and dog 
allergens are present everywhere as a result of people’s carrying allergen on 
their clothing and that all exposure to pets involves someriskof sensitization 
(Ahlbom et al. 199S). Cat allergens have been detected on people’s clothing 
(Toveyetal. 1995; D’Amato etal. 1997; DeLuccaetal. 2000) and in places 
seldom visited by cats (e.g., office buildings, schools, new homes, allergists’ 
offices, hospitals, and shopping malls) (Lundblad 1991; Enbergetal. 1993; 
Hungetal. I993;Janko etal. 1995). Hundreds ofthousands of animals travel 
by air each year, but it is not known how often animals (particularly cats) 
travel in the cabins of commercial aircraft rather than the cargo bays. Thus, 
it is not surprising that cat and dust mite allergens have been detected in air¬ 
craft cabins (Wickens etal. 1997; Dumyahn etal. 2000). It also has not been 
determined if the presence of a cat measurably increases the concentration of 
cat allergen either in cabin air or settled dust. No conclusions can be reached 
regarding routine inhalation exposures to common animal, arthropod, or fungal 
allergens in aircraft because so few data are available (see the earlier section 
on sampling for allergens in aircraft cabins). 

The few case reports that link hypersensitivity responses with allergen 
exposure on aircraft focus on peanut allergens. Hypersensitivity to peanuts is 
a foodbome allergy, and even minute ingested amounts can be extremely 
dangerous (Hourihane et al. 1997). An estimated 1% of Americans are hyper¬ 
sensitive to ground nut (peanut) or tree nut (e.g., walnut, almond, and cashew) 
allergens, so there is a sizeable health concern (Sicherer et al. 1999a). Air¬ 
craft passengers and ctcw members with life-threatening peanut allergies 
understandably are concerned about potential exposures on aircraft, where 
access to medical care is limited. 

Sicherer et at. (1999b) published the first description of the clinic al charac- 
tcristics of allergic reactions to peanuts on commercial aircraft in subjects with 
peanut allergy. In a registry of 62 peanut- and tree-nut-sensitive people who 
had reported “airplane/airport” as a location where they had experienced 
allergic reactions, the authors reached 48. Reactions in 42 were thought to 
have begun on a plane including 34 reportedly allergic to peanuts. Among the 
34, allergic responses were judged to have resulted from inhalation, ingestion, 
or skin contact in 14, 14, and 7 subjects, respectively. 

A finding of the Sicherer etal. (1999b) investigation was that few affected 
passengers or their guardians had notified the flight crew or airline of their 
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suspected allergic reactions to peanuts (James 1999). Most of the reactions 
identified in the study were not life-threatening, but five of the subjects re¬ 
ceived epinephrine while in flight to manage severe allergic reactions. The 
authors concluded that exercising caution and having emergency medication 
available were important, considering the number ofpersons who may experi¬ 
ence allergic reactions as a consequence of ingesting peanut or tree nuts or 
inhaling allergen on commercial aircraft. Emergency medical kits mandated 
for commercial aircraft in the United States include epinephrine to treat severe 
anaphylaxis (14 CFR 121, Appendix A, First-Aid Kits and Emergency Medical 
Kits). 

The Department of Transportation (DOT) proposed that airlines make 
“peanut-free zones” available on request from passengers with medically 
documented severe allergies to peanuts, as would be covered in the Air Carrier 
Access Ac t of 1986 (14 CFR 382, Nondiscrimination on the Basis of Disability 
in Air Travel). This proposal has not been implemented, although there is 
continued support for Such a regulation and it could be reconsidered after 
submission to Congress of “a peer-reviewed scientific study that determines 
that there are severe reactions by passengers to peanuts as a result of contact 
with very small airborne peanut particles of the kind that passengers might 
encounter in an aircraft” (Resolution 117, Congressional Record, 105 th Con¬ 
gress, 2nd Session, 1998). This committee was unable to locate such a study. 
The only studies that provide such evidence are the ones by Sicherer et al. 
(1999b) with self-reported symptom and exposure data, and a study in which 
peanut allergen was found on air filters from commercial aircraft (Jones et al. 

1996) , although this investigation was not published in a peer-reviewed journal. 
Overall, there is little evidence of responses in sensitized persons to airborne 
food allergens. Although rare, severe responses have been reported to cook¬ 
ing aerosols (e.g., fromfishand hotdogs) (Crespo eta!., 1995; Polasani etal., 

1997) , but not on aircraft. Major air carriers usually accommodate the re¬ 
quests of peanut-allergic travelers that peanuts not be served on a flight or in 
adjacent rows, and some airlines (e.g., United Air Lines, US Airways) have 
discontinued serving peanuts as snack foods. 


Infectious Disease 

The first NRC report on air quality in aircraft cabins included several 
recommendations for reducing the risk of transmission of infectious agents. 
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The recommendations were based on incidents in which transmission was 
clear and on the environmental factors that had contributed to the spread of 
infectious agents during those events, such as insufficient outdoor air, lack of 
air treatment to remove infectious particles, and exposure to mosquitoes (NRC 
1986). Since publication of the report, transmission of other infectious agents 
has been reported on aircraft, awareness of the importance of the subject for 
national and international public health has increased, and protocols for re¬ 
sponding to the consequences of possible exposure to infectious agents on 
aircraft have been developed 

Large numbers of people use air travel for business, for tourism, and for 
other reasons (e.g., to immigrate or seek asylnm) (WHO 1998a). An esti¬ 
mated 50 million North Americans will cross international borders in 2001; 
more than 10 million of them will travel to tropical destinations that pose a 
serious risk of infectious disease (Weiss 2001). On aircraft, people are con¬ 
fined in close quarters for long periods (see Chapter 1) and then disembark to 
many distant places (Wilson 1995). Thus, the risk of exposure to exotic infec¬ 
tious agents is higher for travelers than other persons, especially on interna¬ 
tional flights. Furthermore, the consequences of exposure to infectious agents 
may extend beyond the travelers to all others with whom they later have con¬ 
tact. Those factors give substantial public-health significance to the relation¬ 
ship between infectious diseases and air travel (Sato et al. 2000; BRE 2001; 
IEH 2001; Maloney and Cetron 2001). 

Before air travel became the major medium of international travel, an 
infectious disease commonly had time to develop to its recognized clinical form 
before travelers reached their destinations (Grainger et al. 1995). But air 
travel is rapid, and people can complete a journey in the preclinical stage of an 
infectious disease (Clayton ct al. 1976; Maloney and Cetron 2001). Further¬ 
more, longer nonstop flights are becomingpossible, and they increase the time 
that travelers spend together in an aircraft and the opportunities for exposure 
to infectious agents. 

The reservoirs for infectious agents in cabin air are the people on board; 
the viruses, bacteria, and fungi they carry in and on their bodies; and vectors 
(such as arthropods) that may be found in aircraft. The infectious agents of 
concern in relation to cabin air are those transmitted by person-to-person 
droplet contact and airborne transmission of droplet nuclei. Droplet nuclei c an 
remain suspended in cabin air and be distributed throughout an aircraft. 

Studies of potential infectious disease transmission on aircraft are summa¬ 
rized in Table 4-3. Primary emphasis is on infectious agents that are known 


PM3006449079 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 




PM3006449080 


TABLE 4-3 investigations of Potential Infectious-Disease Transmission on Aircraft_ 


Reference 

Source cases 

Travel history 

Number 

Outcome 

Influenza 

Moser ct al. 
(1979) 

21 -y-old 
woman 

Homer to Kodiak, Alaska (>3-h 
ground delay, cabin unventilated 
for 2 h), Hoeing 737, 1977 

49 passengers (1 not contacted) and 5 
crew; 36 passengers and 2 crew 
members (72%) became ill; attack rate 
varied with time on grounded aircraft 

Transmission likely to have occurred 
in closed, poorly ventilated, grounded 
aircraft and possibly in flight 

Kloniz et al. 
(1989) 

11 persons 

actively 

coughing 

Puerto Rico to Key West, Florida 
(2.5 It), DC-9, 1986 

90 naval personnel; 23 (30%) of 77 
susceptible persons became ill 

Transmission likely to have occurred 
in flight; evidence of secondary 
transmission 

Measles 

Amler et al. 

3 children, 1 

Venezuela to Miami, 1981 

No information provided 

Transmission suspected; 

(1982) 

with early 
symptoms 



evidence of secondary transmission 

CDC (1983) 

27-y-old 

San Diego to Seattle to San Diego, 

Infection in one passenger on return 

Transmission may have occurred in 


man 

1982 

flight 

flight or at airport; evidence of 
secondary transmission 

Slater et a) 

Not 

New York to Tel Aviv (2-h 

350 passengers; 8 cases identified 

Transmission likely to have occurred 

(1995) 

identified 

ground delay, 10-h flight), Boeing 
747, 1994 


in flight, bul exposure in one of two 
airports also possible 

Tuberculosis 

Driver et al. 

Female flight 

39 international flights (U.S. to 

223 and 51 crew contacts; 212 exposed 

Infection of 2 crew members 

(1994), 

CDC (1995) 

attendant 

Europe or Mexico), 128 domeslic 
flights; exposure duration of 

and 247 unexposed crew were skin- 
tested; 59 passengers were skin-tested 

confirmed; evidence of transmission to 
passengers inconclusive 


persons possibly infected, > 1 h, 
median exposure duration of skin- 
tested passengers, 3.8 h; 1992 
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McFarland et Passenger, London to Minneapolis (0 h, 325 passengers and 18 crew; 79 were No evidence of transmission 

al, (1993), foreign-born seated in first class), 1992 skin-lesled 

CDC (1995) 

CDC (1995) Passenger, Mexico to San Francisco (4.5 h) 92 passengers; 22 were skin-tested No evidence of transmission 

foreign-bom 1993 

CDC (1995), Passenger, Frankfurt to New York (8.3 h), 219 passengers and crew; 120 were Transmission to 2 persons could not 

Millei el al. male Russian Boeing 767; New York to skin-tested be excluded, but likelihood was 

(1996) refugee Cleveland (1.3 h), BAe 146; 1993 considered low 

Mcoreetal. Passenger, 2 domestic flights (1.25 b each), 212 passengers and 15 crew; 100 were Transmission to 5 persons could not 

(1996) male Boeing 757. 1994 skin-tested be excluded, but likelihood was 

considered low 

CDC (1995) Passenger, Taiwan lo Tokyo (3 h), Tokyo to 661 passengers; 87 were skin-tested Transmission could not be excluded, 

U.S.citizcn, Seattle (9 h), Seattle to but likelihood was considered low 

long-term Minneapolis (3 li), Minneapolis to 

resident in Wisconsin (0.5 h), 1994 
Asia 

CDC (1995), Passenger, Round trip; Honolulu to Chicago 1,042 passengers and crew; 760 were Transmission to 5 passengers and 1 

Kenyon el al. 32-y-uld (8.4, and 8.75 h), Boeing 747-100, skin-tested crew member could not be excluded 

(1996) Korean Chicago to Baltimore (1-75 and 2 

woman h); Airbus 320-200, 1994 

Wang (2000) Passenger, Los Angeles to Taipei (14 h) 308 passengers and crew, 225 were Transmission to 3 persons could not 

44-y-old Boeing 747-400. 1997 skin-tested be excluded 

Taiwanese 


woman 



CDC Passenger, Sydney, Australia to Los Angeles 1 of 2 adjacent passengers was No evidence of transmission, but only 

(2001c) 62-y-old to New York, 2001 identified and remained asymptomatic adjacent passengers were followed 


man 


Wi 
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or suspected to liave been transmitted in aircraft—influenza, measles, and 
tuberculosis—and those whose transmission is considered possible—meningo¬ 
coccal disease and acute respiratory infections. An infectious diseases was 
not considered if the disease is transmitted in a way unrelated to the cabin air 
or the ventilation system, release of an agent within an aircraft cabin results 
from an unprecedented event (e.g., an act ofbioterrorism), or exposure during 
air travel is highly unlikely (e.g., viral hemorrhagic fevers orpneumonic plague) 
(Clayton etal, 1976;FritzetaI. 1996; Wenzel 1996; Withers and Christopher 
2000; Maloney and Cetron 2001; Weiss 2001). Of the communicable diseases 
discussed in this report, tuberculosis, meningococcal meningitis, and plague arc 
among the diseases for which there are special requirements related to travel¬ 
ers and the operation of conveyances (21CFR 1240.50,42 CFR 70.5, Certain 
Communicable Diseases; Special Requirements), and for which travelers can 
be detained to prevent the introduction, transmission, or spread of the disease 
in the United States (42 CFR 70.6,21 CFR 1240.54, Apprehension and Deten¬ 
tion of Persons with Special Diseases; 42 CFR 71.32, Persons, Carriers, and 
Things). 

The risk of exposure to infectious persons is highest for the passengers 
seated closest to a source person and for the cabin crew who work in the 
same section (see the following section on cabin ventilation and exposure to 
bioaerosols). The risk of exposure to infectious agents may be higher for the 
cabin crew than for other passengers because the crew fly more often, and 
interact (if only briefly) with more persons on any given flight 


Influenza 

Influenza is a highly contagious, viral respiratory illness. Influenza A and 
influenza B are the major types of influenza viruses that cause disease in 
persons of all ages (CDC 20G1 b,d). Influenza viruses are spread from person 
to person primarily via the airborne route after coughs and sneezes (Murphy 
and Webster 1996). The incubation period for influenza is 1-4 d (CDC 
200lb,d) and the infectious period can start the day before symptoms begin 
until about 5 d after illness onset; children can be infectious for longer periods. 


Influenza and Air Travel 

Moser et al. (1979) reported on a 1977 outbreak of influenza among pas- 
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sengers and crew exposed to an acutely ill passenger aboard a 56-seat com¬ 
mercial jet that had a greater than 3-h ground delay before takeoff. The influ¬ 
enza attack rate among the passengers and crew was very high (38 of 53, 
72%) and four persons required hospitalization. People who were on the 
disabled plane for more than 3 h had the highest attack rate (25 of 29,86%). 
There was no significant association between illness and sex, smoking status, 
history of recent influenza vaccination, activity while waiting on the airplane, 
or later travel. The high attack rate was attributed to the ventilation system’s 
not operating during the ground delay and the doors’ being kept closed for 
about 2 h. The authors concluded that proper operation of the air circulation 
equipment and isolation of the ill passenger might have prevented this outbreak. 
The investigation led the first NUC committee to the conclusion: “Because a 
likelihood of occurrence of epidemic disease when forced-air ventilation is not 
available on the ground has been demonstrated, the Committee recom¬ 
mends..a regulation... that requires removal of passengers from an airplane 
within 30 min or less after a ventilation failure or shutdown on the ground and 
maintenance of full ventilation whenever onboard or ground air-conditioning is 
available” (NRC 1986). The 30-min limit was based on the time required to 
return a full load of passengers to a terminal. The FAA response to the rec¬ 
ommendation was as follows: “Because the occurrence of complete ventilation 
cessation on passenger-laden airplanes is extremely rare and sometimes un¬ 
avoidable, we do not believe that regulatory action is necessary. However, 
there may be value in bringing this concern to the attention of the air carriers. 
The FAA will advise air carriers of the need to deplane passengers, i f possible, 
after 30 min without ventilation” (DOT 1987). 

Suspected transmission of influenza associated with air travel also has 
been reported in association with an aircraft that had an operating ventilation 
system and no ground delay (Klontz et al. 1989). Ninety squadron members 
traveled on two DC-9 aircraft from Puerto Rico to a naval station in Key 
West, Florida. Twenty-three of 77 previously well persons on these 2.5-h 
flights developed severe influenza-like respiratory illness within 72 h of their 
return. Eleven of the case patients reported actively coughing during the 
return flight. A significant difference in risk of acquiring influenza was ob¬ 
served between the two aircraft - -53% (18 ill of 34 susceptible persons) vs 
12% (5 of 43)—-and was related to the number of symptomatic persons on 
board - -18% (8 of 44 passengers were ill during travel) vs 7% (3 of 46)—and 
occupant load factor—94% (44 passengers and 47 seats) vs 69% (46 of 67). 
The difference in attack rate remained greater in the first aircraft even if 
persons who had shared sleeping quarters with an ill person before air travel 
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were excluded— 50% (10 of 20) vs 13% (4 of 30). Secondary transmission 
of influenza to family members and roommates was identified. 


Public-Health Measures Related to Influenza and Travel 

Immunization is the primary method used to prevent influenza infection and 
its complications (CDC 200lb, d) (see following section on control of exposure 
to biological agents). Annual influenza immunization has been recommended 
fortourism industry workers (BodnaTetal. 1999). Public-health authorities do 
not recommend general use of antiviral medications for all travelers to prevent 
influenza (in the event of immunization failure), because the drugs can have 
side effects and must be prescribed by a physician. However, antiviral medi¬ 
cations might be appropriate during an influenza outbreak for unvaccinated 
travelers and persons who are at increased risk for influenza-related complica¬ 
tions (CDC 200 Id). 


Measles 

Measles is an acute, highly communicable viral disease with an average 
incubation period of 10-12 d (CDC 1998). It may be severe and frequently is 
complicated by middle ear infection or bronchopneumonia (CDC 2001b). 
Before widespread immunization, measles was common in childhood; 90% of 
people were infected by the age of 20. Since 1993, fewer than 1,000 measles 
cases have been reported each year (CDC 2001b), many of which are im¬ 
ported from outside the United States and occur among adults. Measles re¬ 
mains a common disease in many countries, including some developed coun¬ 
tries in Europe and Asia, making exposure due to air travel a possibility. 


Measles and Air Travel 

Suspected transmission of measles at an airport and between passengers 
w ho shared a domestic flight has been reported (CDC 1983), and transmission 
also may have occurred in association with international air travel (Amler et 
al. 1982; Slater etal. 1995). Three children from Venezuela who entered the 
United States had measles later; one of them had early symptoms while on 
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board. The onset of rash in the other two cases was 12 d after the flight, and 
secondary transmission to other children was identified (Amler et al. 1982). 
Eight cases of measles were associated with a New Y ork-Tel Aviv commer¬ 
cial flight, but no source case was identified (Slater et al. 1995). Transmission 
could have occurred during a 2-h ground delay (during which the aircraft’s air- 
conditioning system reportedly was not working) or during the 10-h flight. 

Public-Health Measures Related to Measles and Travel 

Immunization is the primary method used to prevent measles infection and 
its complications (Slater et al. 1995; CDC1998,1999,2001b). Although vacci¬ 
nation against measles is not a requirement for entry into any country (includ¬ 
ing the United States), persons traveling abroad should ensure that they are 
immune. Most persons bom before 1957 are likely to have had measles and 
generally are not considered susceptible. However, measles vaccine may be 
given to older persons if there is reason to believe that they maybe susceptible 
and could be exposed during travel. Because the risk of contracting measles 
is greater in many countries than in the United States, infants and children 
should be vaccinated before leaving the United States, even if this involves 
vaccination at an earlier age than is recommended for infants and children 
remaining in the United States (CDC 2001b). 


Tuberculosis 

Tuberculosis (TB) is caused by Mycobacterium tuberculosis, a bacte¬ 
rium that can attack any part of the body but most frequently is assoc iated with 
pulmonary infection. People typically become infected after spending a long 
time in a closed environment where the air is contaminated by a person with 
untreated tuberculosis who is coughing and has numerous organisms in secre¬ 
tions from the lungs (CDC 2001b). The time from exposure to detectable 
infection typically is 4-12 wk (Chin 2000). One-third of the world population 
of about 6 billion is estimated to be infected with M. tuberculosis (WHO 
199 8a), however, about 90% of otherwise healthy adults who acquire tubercu¬ 
losis infection never develop active disease and therefore do not experience 
symptoms and are not infectious to others. 
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Tuberculosis and Air Travel 

The ease and availability of air travel, the large number of persons travel¬ 
ing yearly, the emergence of M. tuberculosis strains resistant to one or more 
of the primary drugs used for treatment, and the movement of immigrants and 
refugees increase the possibility for all persons to be exposed to someone with 
infectious tuberculosis (WHO 1998a). Tuberculosis is the most thoroughly 
studied communicable disease possibly associated with transmission during 
commercial air travel (Driver et al. 1994; CDC 1995; Kenyon et al. 1996; 
WHO 1998a) and the disease with the most-detailed formal guidelines for 
recognition and prevention (Withers and Christopher 2000; BRE 2001). No 
case of active tuberculosis has been identified as a result of exposure on a 
commercial aircraft, but the number of potentially exposed people who have 
been successfully screened in these investigations has been very small (see 
Table 4-3). One additional investigation showed no evidence of tuberculosis 
infection in 47 commercial airline pilots who flew DC-9-series aircraft (without 
air recirculation) in the company of a pilot with active tuberculosis (Parmet 
1999). 

In 1992-1995, CDC, in conjunction with state and local health departments, 
conducted seven investigations involving one flight attendant and six passen¬ 
gers with active tuberculosis (McFarland etal. 1993; Driveretal. 1994.CDC 
1995; Kenyon etal. 1996; Miller etal. 1996; Moore etal. 1996). The number 
of potentially exposed passengers and crew was more than 2,600 on a total of 
191 flights involving nine types of aircraft (WHO 1998a). In each investiga¬ 
tion, the index case was considered to be highly infectious. Two of the pas¬ 
sengers knew that they had active tuberculosis at the time oftheir flights to the 
United States. Diagnosis of the other five cases occurred after travel (CDC 
1995). Only two of the seven investigations produced firm evidence to suggest 
transmission of A/, tuberculosis infection: the first from a flight attendant to 
other crew members (Driver et al. 1994), the second from a passenger to 
other passengers (Kenyon et al. 1996). In the first report, evidence of trans¬ 
mission was limited to fellow ciew members who were exposed to the infec¬ 
tious source for at least 12 h. In the second, transmission was demonstrated 
Only to a few passengers seated close to the passenger with active tuberculosis 
(in adjacent rows in the same section) and on only one flight segment that 
lasted longer than 8 h. 

Since 1995, one investigation has been conducted after identification of 
active tuberculosis in a passenger who traveled from Los Angeles to Taipei 
(Wang2000). Skin-test conversion (a change in skin test status from negative 
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to positive) related to exposure during air travel could not be ruled out in three 
of225 passengers. Although none of the three people was in same section of 
the aircraft as the index case, the author believed that exposure during the 
flight could not be excluded, because the cabins shared an air supply, the 
source person was highly infectious, and the flight was long. This investigation 
highlighted the value of two-step tuberculin skin testing used to differentiate 
between prior and recent infection. The 1 -wk time interval between the first 
and second baseline skin tests in a two-step test is too short to identify recent 
infection but is sufficient to boost the weakened immune response of someone 
with prior infection. Eleven persons with negative initial skin tests showed 
positive reactions on their second baselines tests. These persons would have 
shown positive reactions on any later skin test (in an outbreak investigation, this 
typically would not be given until several months post exposure). Without the 
two-step baseline test, the apparent change in immune status of the L1 persons 
would have been mistakenly interpreted as possible travel-related infection, 
as happened in the investigation by Kenyon et al. (1996). 

Public-Health Measures Related to Tuberculosis and Travel 

A tuberculosis patient should not travel unless his or her physician) udges 
it safe and should be instructed to cover coughs and sneezes with the hands or 
tissue paper at all times. Available data on the transmission of M. tuberculo¬ 
sis on aircraft indicate that the risk to passengers is no greater than is posed 
by other activities in which contact with potentially infectious individuals may 
occur (e.g., train travel, bus travel, and attending conferences) (Rogers 1962; 
Sacks et al. 1985; Lodi 1994; CDC 1995, 2001b; Moore et al. 1999; Witt 
1999). There also is no evidence of increased risk to flight attendants, and 
routine and periodic tuberculin screening of flight crew is not justified or indi¬ 
cated for otherwise asymptomatic employees (Driver et al. 1994; WHO 
1998a). However, air travelers who make frequent and regular stops in coun¬ 
tries and areas with a high tuberculosis burden may be advised to have a base¬ 
line skin test to determine their infection status (CDC 200 lb) and, if it is nega¬ 
tive, to have periodic tests to identify subsequent exposure. The World Health 
Organization (WHO) and the Centers for Disease Control and Prevention 
(CDC) jointly developed guidelines for fheprevention and control oftuberculo- 
sis during air travel and criteria for determining when followup of potential 
exposure is warranted (Table 4-4) (WHO 1998a). 
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TABLE 4-4 Criteria for Deciding to Inform Passengers and Crew Members 
of Possible Exposure to M. tuberculosis 


Consideration 

Criterion 

Infect: ousness of person 
identified as having had 
tuberculosis at time of air travel 

Index case must be judged to have been 

Capable of transmitting infection at time of 
travel on basis of clinical evidence and 
appropriate medical testing 

Duration of exposure 

At least 8 h 

Interval between flight and 
notification of health authorities 

No longer than 3 mo 

Proximity of exposed persons to 
index case 

Only passengers seated close to person with 
active tuberculosis and crew members working 
in same cabin need be informed initially 


Source: Adapted from WHO (1998a). 


Meningococcal Disease 

Meningococcal disease is an acute bacterial infection characterized by 
sudden onset with fever, intense headache, nausea (often with vomiting), and 
stiff neck. The incubation period typically is 3 to 4 d but may range from 2 to 
10 d (Chin 2000). Neisseria meningitidis is a leading cause of bacterial men¬ 
ingitis and sepsis in children and young adults in the United States and is spread 
through direct contact with respiratory secretions (CDC 2000). Case-fatality 
rates of meningococcal disease used to exceed 50%, but with early diagnosis, 
modem therapy, and supportive measures, they are now 5 -15% (WHO 1998b; 
CDC 200 lb). Up to 10% of populations in countries with endemic disease 
may be asymptomatic carriers of N. meningitidis. 


Meningococcal Disease and Air Travel 

Persons with meningococcal disease are known to have traveled on com¬ 
mercial aircraft (Duffy 1993; CDC 2001 c), and passengers next to an infected 
person on long flights maybe at higher risk than other passengers for develop¬ 
ing meningococc al disease (Maloney and Cetron 2001; CDC 2001 c ,e). How¬ 
ever, no cases of transmission of N. meningitidis to fellow air travelers have 
been identified. 
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Public-Health Measures Related to Meningococcal Disease 
and Air Travel 

Prompt chemoprophylaxi s of persons in close contact with an index-case 
patient is the primary means of preventing cases of meningococcal disease. 
CDC uses a passive-surveillance system by which local health departments 
report suspected cases of air-travel-associated meningococcal disease (CDC 
2001c). CDC annually receives reports of about 12 cases of confirmed dis¬ 
ease in which the index patient likely was contagious aboard an international 
conveyance (ship or aircraft) (CDC 2001 c). In collaboration with the Council 
of State and Territorial Epidemiologists, CDC has developed procedures for 
the management of suspected exposure to At meningitidis associated with air 
travel (CDC 2001 e; CSTE 2001). In the absence of data on increased risk to 
other passengers, antimicrobial chemoprophylaxis is recommended only for 
passengers in seats next to an index case-patient (i.e., on either side of the 
potentially infectious person) (CDC 2001c). 


CONTROL OF EXPOSURES TO BIOLOGICAL AGENTS 
Hypersensitivity Diseases, Toxins, and Nuisance Agents 

As discussed earlier, extensive microbiological growth in aircraft cabins 
appears to be unlikely. And there is no reason to think that the design, main¬ 
tenance, or operation of the ventilation systems on commercial aircraft in¬ 
crease exposures to biological agents. Other than the identification of legion- 
ellae in cockpit humidifiers, bacterial or fungal growth in aircraft ventilation 
systems has not been reported. 

Except for cat and peanut allergens, passengers appear to be the primary 
means of allergen entry into aircraft cabins. Therefore, exposure to allergens 
can be controlled only insofar as they are allowed to accumulate in dust that 
settles into upholstered furniture and onto carpeted floors and other surfaces 
and to the degree that allergenic particles are removed by filters in the return 
air system. High-efficiency filtration of cabin return air would remove essen¬ 
tially all potentially irritating, inflammatory, ortoxic microorganisms and parti¬ 
cles carrying allergens. Even lower-efficiency filters (e.g,, 80-90% efficient) 
will remove most of the particles. 

The presence of a cat in a cabin may be a more important source of cat 
allergen than what people cany' into an aircraft. Persons who are hypersensi- 
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tive to cat allergen generally do not have cats in their homes, and those persons 
who are extremely sensitive restrict visits to plac es where they know that cats 
may be present. Therefore, limiting the number of cats or other pets that 
travel in aircraft cabins may reduce exposures that could have serious conse¬ 
quences. 

Insufficient evidence is available to recommend eliminating peanut-contain¬ 
ing food from being served to passengers on aircraft. But not serving peanuts 
to passengers adjacent to peanut-allergic travelers upon request would allay 
these person’s concerns and would reduce the chances for inhalation, contact, 
or accidental ingestion of peanut allergens that could result in severe adverse 
reactions. 


Infectious Agents 

Crew members and passengers on commercial aircraft can protect them¬ 
selves and others from infectious diseases by adhering to current recommen¬ 
dations for immunization, practicing good personal hygiene, and not traveling 
when unwell (Slater et al. 1995; Rayman 1997; IEH 2001). Persons with 
communicable diseases that do not pose a direct threat to the health or safety 
of others cannot be denied access to air travel (14 CFR 3S2, Nondiscrimination 
on the Basis of Disability in Air Travel), although air carriers can impose re¬ 
strictions (e.g., the wearing of a face mask) on persons with communicable 
diseases. Ill and well passengers have worn respiratory'protection during air 
travel to avoid transmission of infectious agents, but the efficacy of this prac¬ 
tice has not been demonstrated (Hendley 1987; Withers and Christopher 
2000). Properly fitting respirators are likely to be uncomfortable, would stig¬ 
matize the wearer, and could impede communication; all these effects could 
reduce compliance. 


Immunization against Infectious Diseases 

The best means to protect travelers against vaccine-preventable diseases 
is immunization (Slater etal. L 995; Rayman 1997; Maloney and Cetron 2001). 
Table 4-5 lists the minimal, universally recommended immunizations for young 
children, adolescents, and adults. Influenza immunization also is recommended 
for persons younger than 65 who are at high risk of exposure and of exposing 
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TABLE 4-5 Universally Recommended Vaccinations for Children, 
Adolescents, and Adults 


Population 

Vaccination 

All young children 

Measles, mumps, and rubella 

Diphtheria-tetanus toxoid and pertussis vaccine 

Poliomyelitis 

Haemophilus influenzae type B 

Hepatitis B 

Rotavirus 

Varicella 

Previously un vaccinated or 
partially vaccinated 
adolescents 

Hepatitis B 

Varicella (if no previous history of varicella) 
Measles, mumps, and rubella 


Tetanus-diphtheria toxoid (if not vaccinated 
during previous 5 years) 

All adults 

Tetanus-diphtheria toxoid 

All adults aged 65 years and 
older 

Influenza 

Pneumococcal 


Source: CDC(1999) 


high-risk persons (CDC 2001 d, Buxton et al, 2001). Selection of additional 
immunizations for travelers should be based on the requirements of the local 
health authorities at the travel destination and individual travelers ’ risk of infec¬ 
tion. Potential exposures to infectious agents during the time spent on an air¬ 
craft to reach a destination generally are not considered in these decisions, 
because the exposure time during flight relative to other travel-related expo¬ 
sures typically is brief. 


Recognition of Potential Infection During or Shortly After Flight 

Passengers and crew members occasionally become ill in flight. Persons 
with hypersensitivity diseases generally recognize the onset of allergic re- 
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sponses and asthma and carry appropriate medication to manage symptoms. 
Cabin crew usually can recognize passengers suffering from, for example, air 
sickness or excessive alcohol consumption. Persons suffering from diarrhea 
or vomiting and fever, with or without a skin rash, should be considered to be 
infectious (Grainger et ah 1995). Flight crew must notify the local health 
authority or quarantine officer at the airport where they are scheduled to land 
of anivingpassengers who appear ill (e.g., with fever, rash, unusually flushed 
orpale complexion, jaundice, shivering, profuse sweating, diarrhea, or inability 
to walk without assistance) (Weiss 2001; 21CFR 1240.45 Report of Disease; 
42CFR70 Interstate Quarantine; 42CFR71.21 (b) Foreign Quarantine). Rec¬ 
ommendations have been formulated for responding to notification of the ar¬ 
rival of one or more ill travelers (Maloney and C etron 2001, CDC 2001 c,e). 
Those responses often can be initiated before an aircraft reaches an airport. 

A WHO guideline (1998a) outlines basic actions that flight attendants 
should take when a person reports or is suspected of having tuberculosis during 
a flight. Many of the recommendations also would apply to other communica¬ 
ble diseases that are transmitted from person to person. For example, a symp¬ 
tomatic person should be isolated from other passengers, made comfortable, 
provided with tissues and waste containers, advised to move around the cabin 
as little as possible, and instructed to cover the nose and mouth when coughing. 

State and local health departments and private physicians should ask all 
persons with infections that are transmitted by droplets and droplet nuclei about 
recent travel (WHO 1998a, CDC 2001c). The case report forms that health¬ 
care providers and laboratories are required to submit to local public health 
authorities for notifiable diseases should include information on recent travel. 

In almost all ofthe investigations outlined in Table 4-3, the person’s infec¬ 
tion was not detected until after the flight was completed and the passengers 
had dispersed. Notification of fellow travelers frequently has been hindered 
by difficulty in obtaining contact information for passengers. Airlines typically 
maintain passenger manifests and other records for 2-7 d, after which they are 
archived or destroyed. However, this period may be too short to allow follow 
up of infectious diseases with incubation periods longer than one wk (e.g., 
tuberculosis, measles, andpossibly meningococcal disease). To facilitate timely 
identification and public health notification and management of at-risk passen- 
gers, airlines should ensure that electronic passenger mainfests and contact 
information are preserved and readily available for a period of at least one 
month following disembarkation (CDC 2001 c,e). WHO (199 8a) recommends 
that airlines preserve for at least three years passenger records for flights 
involved in investigations of possible exposure to M. tuberculosis. 
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Postexposure Prophylaxis (PEP) 

Chemoprophylaxis may be recommended to prevent infection if exposure 
to some infectious agents (e.g., influenza viruses, N. meningitidis, and M. 
tubercu lor.is) is recognized during a flight or shortly thereafter. PEP is appro¬ 
priate if exposure is judged to have been certain or highly likely, appropriate 
therapy is available and can be administered promptly, and the consequences 
of infection are sufficiently severe or the risk of complications from an infec¬ 
tion is high. 

Cabin Ventilation and Exposure to Bioaerosols 

Ventilation Rate and Air Movement 

Microorganisms can remain suspended in cabin air for long periods of time 
if there is little air movement or the exhaust rate is very low, as happened in 
an influenza outbreak on a grounded aircraft (Moser et al. 1979). Highei 
concentrations of airborne microorganisms have been measured on aircraft 
with higher passenger loads (Nagda et al. 1989,1992) and in coach or econ¬ 
omy class relative to business or first class (ATA 1994; Dechow etal. 1997; 
Dechow i 996; M. Dechow, Airbus, personal communication, January 3,2001) 
(Table 4-2). Elevated concentrations of microorganisms also have been ob¬ 
served during periods of passenger activity, such as boarding and deplaning 
(Spengleretal. 1997; Wick and Irvine 1995; Dechow etal. 1997;ASHRAE/ 
CSS 1999; Pierce etal. 1999; Dumyahn etal. 2000; Dechow 1996, personal 
communication, January 3,2001; Lee et al. 1999, 2000; Janczewski 2001), 
Nagda etal. (1989,1992) observed higher concentrations ofairbome bacteria, 
but lower concentrations of fungi, on flights with lower nominal air change 
rates. Wick and Irvine (1995) measured higher concentrations of bacteria 
near the floor vents than in the breathing zone of passengers. This observa¬ 
tion, in conj unction with the available evidence that only persons seated near 
a source person are exposed to a sufficient number of bacteria or viruses to 
become in fected, indicate that bioaerosols as small as droplet nuclei are readily 
entrained in moving air streams (see Figure 2-3). Therefore, the movement 
of bioaerosols along the length of aircraft cabins is likely restricted, and parti¬ 
cles, including bioaerosols, are removed from the cabin with die exhaust or 
return air (see section on ventilation practices in aircraft cabins in Chapter 2). 

On the issue of aircraft ventilation with regard to airborne infectious 
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agents, the 1986 NRC report recommended “that maximal airflow be used 
with full passenger complements to decrease the potential for microbial expo¬ 
sure and that recirculated air be filtered (to remove particles larger than 2-3 
pm) to reduce microbial aerosol concentrations” (NRC 1986). The FAA does 
not require airlines to provide maximal air flow or filtration of recirculated air, 
but the latter has become common practice. Control of exposure to biological 
agents, except for bioeffluents as discussed in Chapter 2, is not a primary 
function of cabin ventilation. Nevertheless, increasing outside air ventilation 
or the amount of filtered recirculated air would decrease the mathematical 
probability of disease transmission in aircraft cabins by diluting airborne viruses 
or bacteria in a larger volume of microorganism-free air (see Equation 2-1). 
Although increasing cabin ventilation rates or changing the air mixing patterns 
are unlikely to prevent the transmission of infectious agents entirely, aircraft 
cabins should be provided with at least the minimal recommended supply of 
outside air whenever passengers are on board. If adequate ventilation cannot 
be provided, passengers should be deplaned and moved to a better-ventilated 
location, such as an airport terminal (NRC 1986; IEH 2001). 


Recirculation of Cabin Air and Exposure to Infectious Agents 

The practice of recirculating some cabin air has been questioned with 
regard to the transmission of infectious agents. Several studies measured 
higher concentrations ofbacteria on aircraft that recirculated air (Nagda et al. 
1989,1992; Spcngler et al. 1997), but no significant difference was observed 
in another study (ATA 1994). The higher bacterial concentrations could be 
due to a lower supply of outside air or low-efficiency or no filtration of return 
air on the aircraft that recirculated air. The seven investigations of possible 
transmission ofM tuberculosis on aircraft (Table 4-3) found no evidence that 
air recirculation facilitated transmission of the bacterium (CDC 1995; WHO 
1998a). Similar rates of post-flight upper respiratory tract infections have been 
seen in travelers on flights with and without air recirculation, 18.5% (108 of 
584 passengers) and 20.7% (106 of 516 passengers), respectively (J. Nutik 
Zitter, personal communication). Therefore, as has been seen in other public 
transportation vehicles, spread of airborne infectious agents in aircraft cabins 
appears to be limited to droplet and droplet nuclei transmission within close 
proximity (Rogers 1962; Sacksetal. 1985;Lodi 1994; Moore etal. 1999; Witt 
1999). 
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Treatment of Recirculated Air and Exposure to Infectious Agents 

Some particles as small as single viruses pass through even HEPA filters 
because some viruses are near 0.3 pm in size, but the fraction of the total 
number of such particles that may penetrate a filter is negligible (see the dis¬ 
cussion of recirculation in Chapter 2) (ASHRAB 2000). The use of ultraviolet 
germicidal irradiation (UVGI) for air disinfection has been suggested for air¬ 
craft cabins (Hendley 1987, Hall etal. 2000). Irradiation of return air to inacti¬ 
vate infectious agents in theory may be beneficial if an environmental control 
system (ECS) cannot accommodate a filter to treat recirculated air, but that 
method of air disinfection has not been demonstrated in aircraft (Slater et al. 
1995). Use of UVGI in place of high-efficiency filtration is not recommended 
because irradiation would not remove the allergenic oi toxic properties of 
biological particles. Although the potential benefit of the combined use of 
UVGI and HEPA filtration is not known (CDC 1994), any reduction in the 
concentration of viable airborne infectious agents beyond that provided by a 
HEPA filter would likely be insignificant and the survival time of microorgan¬ 
isms on filters is so short that killing them before or after collection on a filter 
is unnecessary'. Use of germicidal lamps in the occupied space of an aircraft 
directly to irradiate cabin air, as is done in some high-risk health-care environ¬ 
ments (CDC 1994), is not practical, because of the small volume of air that 
could be irradiated and necessary constraints on lamp placement to avoid 
direct human exposure to UVGI. 

CONCLUSIONS 

• A person’s risk of acquiring an infection on an aircraft depends on 
several factors, such as the presence of an infectious person and release of 
infectious agents by that person, the ventilation rate and mixing of cabin air, the 
amount of air that is recirculated and how it is treated, proximity to the source 
person, duration of exposure, and susceptibility' to the specific infectious 
agents. These factors could also increase inhalation exposure to allergens and 
other potentially hazardous biological materials generated by passengers and 
activities within aircraft cabins. 

• The proper design, operation, and maintenance of an aircraft ventila¬ 
tion system can limit but not eliminate the transmission of infectious agents and 
exposure to other biological agents on aircraft. Exposure to biological agents 
is increased when people are confined in an aircraft cabin without adequate 
ventilation. 
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Aeroallergens, Toxins, and Biological Irritants 

• Exposure of passengers to aeroallergens, toxins, and biological iirilants 
from outdoor air on grounded aircraft likely would be similar to what they 
would encounter in an airport terminal or while traveling to and from an airport. 

• During flight, biological agents in aircraft cabins arise almost exclu¬ 
sively from inside sources rather than from outside air that is introduced 
through the ventilation system. People are a primary source of skin, scalp, 
nasal, and oral bacteria on aircraft, whereas most of the fungi and environmen¬ 
tal bacteria in the cabin environment enter with outside air on the ground or are 
carried in by the occupants (e.g., on their shoes, clothing, or hand luggage). 

• Available bioaerosol data are of little value for the assessment of the 
quality of cabin air and the estimation of the magnitude of the health risks that 
may be associated with bioaerosol exposures (acute hypersensitivity and infec¬ 
tious disease), The need for measurements of inflammatory, irritant, or toxic 
biological agents (e.g., bacterial endotoxin or fungal toxins or glucans) can be 
determined better when the results of current studies become available. 

• Dust samples from commercial aircraft cabins have been analyzed for 
allergens and cat and dust mite allergens have been detected. There is limited 
evidence that individuals allergic to peanuts will respond to inhalation of, con¬ 
tact with, or accidental ingesrion of airborne peanut allergens in the cabin 
environment. 

Infectious Agents 

• Infectious agents can be transmitted from person to person aboard 
aircraft on the ground and during flight. 

• It is known that passengers and crewmembers with common respira¬ 
tory infections occasionally travel while infectious. Passengers and cabin crew 
are exposed fairly often to the agents of common viral and bacterial infections 
and less often to the agents of more serious respiratory infections. 

RECOMMENDATIONS 
Aeroallergens, Toxins, and Biological Irritants 

• F AA and the airlines should work with the medical community to 
evaluate whether the presence of animals (other than service animals) in 
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passenger cabins on commercial aircraft can lead to allergic reactions in hy¬ 
persensitive individuals. 

• F AA should conduct research to determine whether there is a poten¬ 
tial for severe reactions by passengers with peanut allergies exposed to air¬ 
borne peanut particles on aircraft. Until such research can be completed, 
airlines should consider complying with requests thatpeanuts not be served to 
passengers next to those passengers with peanut allergies. 

• Cabin crew should be trained to recognize and respond to the severe, 
potentially life-threatening responses (e g., anaphylaxis or severe asthma at¬ 
tacks) that hypersensitive people may experience from exposures to airborne 
allergens. 


Infectious Agents 

• Physicians treating persons with communicable diseases should dis¬ 
cuss the advisability of air travel with them and should instruct their patients 
to take appropriate precautions that will protect otherpersons from infectious 
agents. In addition, physicians treating persons who are unusually susceptible 
to infectious disease should inform their patients of the potential risks associ¬ 
ated with air travel and of the appropriate precautions that may protect suscep¬ 
tible persons from infection. 

• Health-care providers should obtain travel histories from persons with 
reportable infectious diseases and should notify public health authorities if a 
patient with a communicable disease recently has traveled. Public health 
authorities and air carriers should cooperate to notify air travelers as soon as 
possible i f they may have been exposed to an infectious agent for which post¬ 
exposure prophylaxis may reduce the risk or the severity of an infection. 
Airlines should ensure that electronic passenger manifests and contact infor¬ 
mation is preserved and readily available for a period of at least one month 
following disembarkation to facilitate timely identification and notification of 
passengers who may have been exposed to an infectious agent during air 
travel. 

• Increased efforts should be made to provide cabin crew, passengers, 
and health professionals with information on health issues related to air travel. 
To that end, F AA and the airlines should work with federal and international 
agencies (such as the U.S. Public Health Service and WHO) and medical 
organizations (such as the American Medical Association, the Aerospace 
Medical Association, and the International Society of Travel Medicine) to 
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improve the awareness of health professionals of the need to advise patients 
of the risks posed by air travel. 
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5 

Health Considerations Related to 
Chemical Contaminants and 
Physical Factors 


The 1986 National Research Council (NRC) report on commercial airliner 
cabin air quality notes that information regarding the environmental character¬ 
istics (e g., relative humidity and air pressure) and contaminants identified 
in surveys of airline cabin air “suggests a diverse set of adverse health ef¬ 
fects that could arise from exposure to the cabin environment—from acute 
effects . . to long-term effects.” 

Any consideration of health effects in the context of airline cabin air must 
distinguish between effects of exposures that result from the ambient environ¬ 
ment encountered during boarding, waiting at the gate with the aircraft door 
open, and normal operation of the aircraft and effects of exposures that result 
from incidents during flight. Examples of the two categories of exposures are 
listed in Table 5-1. The myriad health complaints registered by flight crews 
and pa ssengers are broad and nonspecific, and that makes it difficult to define 
or discern a precise illness or syndrome. 

Among the many plausible explanations of the complaints are the flight 
environment (c.g., partial pressure of oxygen (P0 2 ) and relative humidity), 
chemical or biological contaminants, psychological and physiological stressors, 
and exacerbation of pre-existing medical conditions. (Biological agents are 
discussed in Chapter 4). 
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TABLE 5-1 Exposure Sources Relevant to Aircraft Cabin Air Quality 


Exposures Related to Normal Operations 
of the Aircraft 

Exposures Related to Incidents 

Ozone 

Carbon monoxide 

Carbon dioxide 

Smoke, fumes, mists, vapors from 

Temperature 

leaks of engine oils, hydraulic 

Relative humidity 

fluids, and deicing fluids and 

Off-gassing from interior material and 
cleaning agents 

Bioeffluents 

Personal-care products 

Allergens 

Infectious or inflammatory agents 

Ambient airport air 

Cabin pressure/partial pressure of oxygen 
Pesticides 

Jet exhaust fumes (runway) 

Alcohol 

their combustion products 


FLIGHT ENVIRONMENT 
Cabin Pressure 

Asdiscussed in Chapter 2, at cruise altitude, the aircraft cabin is typicaily 
pressurized to the equivalent of an altitude of6,000-8,000 ft (1,829-2,438 m), 
with a corresponding barometric pressure of 609-564 mm Hg and an ambient 
PO, of 128-118 mm Hg (see Table 5-2). As specified in the Federal Aviation 
Regulation (F AR) 2 5.841, aircraft “cabin pressure altitude” must not exceed 
8,000 ft at the aircraft's highest operating altitude (14 CFR 1986). 

The reduced pressure in the cabin environment results in several physio¬ 
logical changes in the passengers and crew. Specifically, the reduced ambient 
air pressure will cause the gas in. body cavities (e.g., middle ear, sinuses, and 
gastrointestinal tract) to expand in volume by as much as 25 %. In the lungs, 
the lower P0 2 in ambient air will reduce the oxygen (O ,) pressure in the alve¬ 
oli from the normal value of 105 mm Fig. That decrease will lower systemic 
arterial PO>. In healthy people, the arterial P0 2 is usually about 5-10 mm Hg 
lower than the alveolar PCX (see Table 5-2). It is the arterial P0 2 that deter¬ 
mines the amount of O, that is carried by the hemoglobin in the blood, ex¬ 
pressed as the percent hemoglobin saturation. 
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TABLE 5-2 Barometric Pressure and P0 2 


Altitude, 
ft (m) above 
sea level 

Barometric 
Pressure, 
mm Hg (kPa) 

Ambient P0 2 , 
mm Hg (kPa) 

Alveolar PC, (for 
healihy person at 
rest), mm Hg 

Arterial P0 2 (for 
healthy person 
at rest), mm Hg 

0 

760(101.3) 

160(21.3) 

105 

95-100 

6,000 (1,828) 

609 (81.2) 

128(17.1) 

76 

66-71 

8,000 (2,438) 

561 (75.2) 

118(15.7) 

72 

62-67 


Source: Adapted from Slonirn and Hamilton (1971). 


Table 5-3 shows the arterial 0 2 saturation at various altitudes without 
supplemental O,. At an altitude of 7,500 ft (2,287 m), the P0 2 begins to ap¬ 
proach the steep-slope portion of the 0 2 -hemoglobin dissociation curve (Figure 
5-1). Further small changes in P0 2 in the cabin can lead to large changes in 
the O; content of the blood. 

The relationship between arterial P0 2 and hemoglobin saturation is an S- 
shaped curve. As shown in Figure 5-1, at an arterial PO, greater than 60 mm 
Hg, hemoglobin is more than 90% saturated with 0 2 . 

For healthy adults at sea level, hemoglobin is 95-97% saturated. Even at 
an altitude of 8,000 ft (2,439 m), the O, saturation of hemoglobin remains at 
least 90% for healthy adults at rest because their arterial P0 2 is above 60 mm 
Hg. Below arterial P0 2 of 60 mm Hg, there is a steep decline in the curve, 
over which a slight change in arterial PO, can lead to large changes in hemo¬ 
globin saturation. The significance of this curve with respect to the aircraft 


TABLE 5-3 Hypobaric Pressure and Arterial O, Saturation 


Pressure Altitude, 
ft 

Atmospheric 
Pressure, mm Hg 

P0 2 , mm Hg 4 

Arterial O, Saturation 
Without Supplemental 

O,, % 

0 

760 

160 

96 

2,500 

694 

147 

95 

5,000 

632 

133 

95 

7,500 

575 

121 

93 

10,000 

523 

110 

89 


* 21% of atmospheric pressure, 
Source: NRC (1986) 
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FIGURE 5-1 O,-hemoglobin dissociation curve shows relationship between P0 2 in 
blood (X-axis) and amount of 0 2 held by blood hemoglobin (Y-axis). Important feature 
of curve is sharp drop in 0 2 content of hemoglobin when P0 2 falls below 60 mm Hg. 


environment is that at cruise altitudes (reduced air pressure), alveolar and 
arterial PC), are reduced. However, the hemoglobin saturation decreases only 
slightly unless arterial P0 2 falls below 60 mm Hg. A drop in arterial P0 2 from 
100 to 60 mm Hg will result in only a 10% drop in hemoglobin saturation. 

In persons with chronic obstructive pulmonary' disease (COPD) or asthma, 
there may be inadequate 0 2 exchange between the air in the lungs and the 
blood. In. this case, even at sea level, arterial P0 2 may be considerably lower 
than alveolar P0 2 (i.e., some affected persons may have less than 90% hemo- 
glob in saturation when at rest; many more will experience this effect on exer¬ 
tion). The situation is worsened at higher altitudes or with exercise; under 
these conditions, hemoglobin saturation will be substantially lower than in 
healthy persons at sea level Or in sedentary persons, respectively. For these 
people, lowering alveolar PO- by lowering ambient air pressure may also 
decrease the arterial PO, and substantially lower the amount of 0 2 carried by 
the blood 

The 1986 NRC report on airliner cabin environment summarized the ef¬ 
fects of altitude on P0 2 and recommended that passengers with heart or lung 
disease be educated about the risks posed by flight. Italsorecommended that 
passengers with middle ear problems be told about the effects of cabin pres¬ 
sure in general. However, that committee had few direct data on the bemoglo- 
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bin saturation that might be expected in passengers and cabin crew under 
normal flight conditions of commercial aircraft. Some studies have since 
examined the effects of cabin pressurization on P0 2 in humans. Real-time 
continuous monitoring of hemoglobin saturation in flight has indicated that 
considerable changes can occur in a given person and that there are consider¬ 
able differences among people. 

The effects of hypoxia have been studied in a number of situations, includ¬ 
ing combat flights and passenger transport (Emsting 1978). Studies conducted 
during the 1940s suggested that the maximal acceptable degree of hypoxia in 
passenger aircraft corresponded to a cabin altitude of 8,000 ft, but it was rec¬ 
ommended that under routine operating conditions cabin pressure altitude 
should not exceed 5,000-6,000 ft. The altitude of8,000 ft was a compromise 
between the aircraft design and operation requirements and the human perfor¬ 
mance impairments. Studies by McFarland and Evans (1939), McFarland 
(1946), and others (Emsting et al. 1962; Denison et al. 1966; Ledwith 1970) 
showed that mild hypoxia, as is found in subjects at 8,000 ft, might impair the 
learning of new tasks and the performance of complex tasks. Most of the 
studies were conducted on young, healthy men, primarily in the military, who 
were engaged in vigilance tasks. McFarland and Evans (1939) found an in¬ 
crease in the absolute brightness threshold of the dark-adapted eye at hypoxia 
equivalent to 7,400 ft but concluded that the change was so small that it was 
of no practical significance. Emsting (1978) noted that a “reduction of the 
cabin altitude from 8,000 to 6,000 ft is associated with a lower incidence of 
otiotic barotrauma and disturbances in passengers with cardiorespiratory dis¬ 
ease.” Studies on performance deficitunder hypoxic conditions—86% arterial 
oxyhemoglobin equivalent to 8,900 ft—showed no effect on performance, 
including night vision; the threshold for effects appeared to be 82% oxyhemo¬ 
globin (9,750 ft) (Fowler etal. 1987). 

Cottrelletal. (1995) used continuously readingpulse oximeters to measure 
0 ; , saturation in 3 8 pilots on 21 flights of about 4 h each. Pressure altitudes in 
the aircraft cockpits during the cruise portion of the flight were 6,000-9,000 ft 
(average, 7,610 ft). Maximal and minimal O, saturations were 95-99% (mean, 
97% ± 1.1%) and 80-93% (mean, 88.6% ± 2.9%), respectively. Of the 38 
Subjects, 20 (53%) developed an 0 2 saturation of less than 90% at some time 
during the flight (duration oftime below 90% not given). Baseline 0 2 satura¬ 
tion was 95-99%; at 6,000-7,000 ft, saturation was 87-92%; and at 8,000 ft or 
more, it was 80-91%. No symptoms were reported, and no attempt was made 
to measure performance decrement. There was no correlation between the 
minimal oxyhemoglobin saturation and age, height, weight, length of flight. 
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maximal saturation, smoking history, peak cabin altitude, or whether the flight 
was during the day or night. 

Ina study of the effects of hypoxia on healthy infants, 34 babies (1-6 mo 
old; average 3.1 mo) were exposed to 15% 0 2 in nitrogen for a mean duration 
of6.3 h* 2.9 h (Parkins etai. 1998). During exposure, there was a significant 
increase in the infants’ heart rate and time spent in periodic apnea and a de¬ 
crease in the amount of time spent in regular breathing; respiratory rates did 
not change significantly. Baseline 0 2 saturation decreased from a median o f 
97.6% (range, 94-100%) in ambient air to 92.8% (range, 84.7-100%) in 15% 
0 2 . Four of the infants had to be removed from the hypoxic conditions early 
because their 0 2 saturation fell below 80% for more than 1 min. Tire authors 
suggest that exposure to reduced P0 2 , like that encountered on high-alti tude 
flights can result in hypoxia in some infants. 

A newborn infant’s red blood cells contain up to 77% fetal hemoglobin 
(Delivoria-Papadopoulos and Wagerle 1990). At 6 mo, the red cells still con¬ 
tain up to 4.7% fetal hemoglobin. Fetal hemoglobin binds CX with greater 
affinity than does adult hemoglobin (see Figure 5-2). That results in greater 
saturation for any given partial pressure, but it also means that at any given 
partial pressure fetal hemoglobin holds 0 2 more than adult hemoglobin. The 
net effect is that less 0 2 is available for tissue metabolic needs. Thus, infants 
who experience substantial falls in arterial 0 2 saturation may be at greater risk 
for tissue hypoxia than adults at the same 0 2 saturation. 

W ith decreasing cabin pressure, air in the middle ear and sinuses expands 
and escapes via nostrils and ostia to the outside via the nasopharynx. On de¬ 
scent, increasing ambient pressure requires gas to re-enter the middle ear and 
sinuses through the same pathways. Both movements can happen only if air 
can move freely in either direction. If there is blockage due, for example, to 
an upper respiratory infection, allergy, or tumor, the free flow of air may be 
impeded, and earache, a feeling of sinus fullness, or dizziness can ensue, par¬ 
ticularly on descent. In severe cases, the pressure differential can cause 
extreme pain, bleeding, orrupture of atympanic membrane. Likewise, gas m 
the respiratory tract and gastrointestinal tract expands and contracts with 
decreasing and increasing cabin pressure. Although gas readily escapes from 
those parts of the body, minor stomach cramping or bloatingmight still occur. 

At cabin altitudes during cruise, all crew and passengers are in a de- 
creased-Ch environment. It is clear that under ordinary conditions of commer¬ 
cial flight, P0 2 can be reduced substantially during rest or in situations of mini¬ 
mal exertion. As stated above, this relatively small decrement usually causes 


PM3006449113 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 




The Airliner Cabin TlnviromTicnt and the Health of Passengers and Crew 

crtn/opcnbnrvlcAtHPJlW2H97,'html/1t>K.I»mnI, copyrighr 2* K»2, 2001 The National Academy of Sciences a)) n$hw reserved 


188 The Airliner Cabin Environment and the Health of Passengers and Crew 



FIGURE 5-2 Oxyhemoglobin equilibrium curves of blood from infants and adults. 
Source: Adapted from Delivoria-Papadopoulos and Wagerle (1990). 


no symptoms in healthy people because hemoglobin remains well saturated 
with Oj at altitude. Nevertheless, some people might be sensitive to a lowering 
ofPO, and experience various symptoms, including headache, dizziness, fa¬ 
tigue, numbness, and tingling (Sheffield and Heimbach 1996). The array of 
possible symptoms varies from ptuson to person or even in the same person 
on different days. The P0 2 values are such that substantial reductions in 
arterial 0 2 content occur and could pose a definite health risk for persons with 
underlyingpulmonary or cardiac disease or untreated or partially treated ane¬ 
mia. 
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Relative Humidity 

As noted in Chapters 1 and 2, the relative humidity in most aircraft cabins 
is low, typically from 10 to 20% (see Table 1-2) with an average of 15-19%, 
depending on the aircraft (Nagda et al. 2000). Although, low relative humidity 
is not an air contaminant, it can affect passenger and crew comfort and health 
(Rayman 1997). Low relative humidity may cause drying of the skin, mucous 
membranes, andconjunctivae in the latter case adding a risk for conjunctivitis 
with its symptoms of tearing and pain, especially in those wearing contact 
lenses (Eng 1979). Studies have indicated that passengers and cabin crews 
find the air in the aircraft cabin to be too dry and to lead to such symptoms as 
dry, itchy, or irritated eyes; dry or stuffy noses; and skin dryness or irritation 
(Lee et al. 2000). Stuffy, dry nose was the primary complaint in another study 
of 3,630 passengers in all cabin classes on standard and wide-body aircraft. 
Although symptoms couldnot be correlated with aircraft type (comfort rating, 
5.34 of 7 for first-class versus 4.46 for coach and no difference in passenger 
comfort ratings for relative humidity between standard-body and wide-body 
aircraft), they did reflect flight length: longer flights resulted in more symptoms 
(Rankin et al. 2000). Low relative humidity has also been associated with 
fatigue, headaches, and nosebleeds (Space et al. 2000). Low humidity can 
have a greater effect on passengers who have respiratory infections, asthma, 
or tracheotomy (Rayman 1997). it has been found that in dry environments, 
mucus can concentrate; this can reduce ciliary clearance and phagocytic 
activities in the respiratory tract (Berglund 1998). 

In a study of the effects of low humidity on the human eye, Laviana et al. 
(198 8, as cited in Nagda and Hodgson 2001) found that at a relative humidity 
of either 10% or 30%, eye pain (described as scratchmess, pam, or burning) 
increased over time up to the fourth hour of exposure (total exposure duration 
of 10 h) for both a naked eye and an eye covered with a soft contact lens. 
However, there was no difference in the severity of responses at either 10% 
or 30% relative humidity and the humidity level did not significantly affect 
acuity, refractive error or cornea curvature in either eye. In aircraft cabins, 
symptoms of low humidity, such as eye and nasal irritation, seem to occur 
within 2 h after exposure begins (Eng 1979); skin symptoms may require at 
least 4 h to occur (Carleton and Welch 1971, as cited in Nagda and Hodgson 
2001). Furthermore, all symptoms increase in severity with time, and an adap¬ 
tive response to low-humidity environments is not evident (N agda and Hodgson 
2001). At reduced barometric pressures (259-700 mm Hg), symptoms assoc i- 
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ated with low humidity develop more quickly and are more severe (Carleton 
and Welch 1971, as cited inNagda and Hodgson 2001). In a review of the 
studies that examined potential health effects of exposure to low relative hu¬ 
midity, Nagda and Hodgson (2001) indicated that the study subjects in general 
were relatively young and thatan older study population might have been more 
likeiy to perceive changes in relative humidity and also might be more suscepti¬ 
ble to health effects of such exposures. They concluded that a modest in¬ 
crease in the relative humidity in an aircraft cabin (e.g., from the current aver¬ 
age of 14-19% to about22-24%) might have beneficial effects similar to those 
seen in building studies in which a 10% increase in humidity alleviated many 
of the symptoms of “sick-building syndrome.” Such humidities are below the 
values that may affect the safety of an aircraft—that is, that might cause 
condensation in and corrosion of the aircraft shell—or that would result in 
increased microbial growth. 

Although cabin relative humidity is welt below the preferred values of 30- 
60% suggested in American Society ofHeating, Refrigerating and Air-Condi¬ 
tioning Engineers Standard 62-1999, it is questionable whether low humidity 
has substantial short- or long-term health effects. One investigator reported 
that in a room with 0% humidity, the degree of dehydration in undressed sub¬ 
jects was insignificant over a period of 7 h (Nicholson 1996). It might be 
expected that the adverse effects of low relative humidity experienced by 
crew and passengers will be temporary and will be alleviated when they leave 
the aircraft. The time required for rehydration will depend on individual physi¬ 
ology and the ambient environment. 

Humidity influences the perception of air quality. In one study, as relative 
humidity increased from 24% to 79%, the air was considered to be less fresh 
(Berglund 1998). Acceptability of air-quality decreases with increasing tem¬ 
perature and relative humidity (Fang et aL 1998a,b). 


CHEMICAL CONTAMINANTS OF CONCERN 

During flight, passengers and crew can be exposed to a variety of air 
contaminants. Some ofthem are naturally occurring chemicals, such as ozone 
(O,), which is found in greater concentrations in the upper troposphere and 
lower stratosphere; others result from incidents that suggest equipment failure; 
and still others result from preventive measures, such as the use of pesticides. 
The toxicity of these contaminants is discussed below. 
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Ozone 

Although ground-level 0, is a major contributor to photochemical air pollu¬ 
tion in urban air, the presence of 0 3 in the upper troposphere and lower strato¬ 
sphere provides a necessary health benefitto humans by screening out harmful 
ultraviolet radiation. As discussed in Chapter 3, many commercial flightpaths 
are at altitudes where 0 3 concentration might be greater than those typically 
found at ground level. 0. in the cabin is required not to exceed 0.25 ppm (25 0 
ppb) during a flight (FAR25.832 1 ). Mean 0 } measured on aircraft has ranged 
from22ppb(Nagdaetal. 1989) to 200 ppb (Waters 2001). The health effects 
of ground-level 0 3 have been well studied (EPA 2001). Those effects are 
relevant to travelers who might be exposed to increased 0 3 during high-altitude 
flights if the aircraft is not equipped with an 0 3 converter or the equipment is 
not operating properly. The ground-level national ambient air-quality standard 
for 0 3 , established by the Environmental Protection Agency (EPA) in 1997, 
is 0.12 ppm by volume for a 1-h exposure and 0.08 ppm by volume for 8-h 
exposures (EPA 1997). 

0 3 can cause acute respiratory problems, aggravate asthma, and impair 
the body’s immune system making people more susceptible to respiratory 
illnesses, including bronchitis and pneumonia (EPA 1996). Exposuresto 0 3 as 
low as approximately 0.08-0.10 ppm for about 6 h have resulted in impairments 
of the immune system (EPA 1996). Inflammatory responses occurred within 
1 h after a 1 -h exposure to 0 3 at 0.3 ppm or more. Exposures for up to 7 h to 
0 3 as low as 0.08 ppm caused small decrements in lung function and increases 
in respiratory symptoms (EPA 1996). Those effects are exacerbated by 
exercise. In a study of healthy adults exposed during exercise to ambient 0 3 
at 21 -124 ppb, there was a statistically significant decrement in lung function 
(Spektoretal. 1988a). Similar lung function decrements were seeninhealthy 
children (at a summer camp) exposed to 0 3 at the ambient air standard of 120 
ppb, where average forced vital capacity (FEV), forced expiratory volume in 
the first second (FEV,), peak expiratory flow rate (PEFR), and forced expira¬ 
tory flow (FEP- J 75 ) decrements were 4.9%, 7.7%, 17%, and 11%, respec¬ 
tively (Spektor et al. 1988b). 


'FAR Section 25.832 Cabin ozone concentration: "(a) The airplane cabin ozone 
concentration during flight must be shown not to exceed: (1) 0.25 parts per million by 
volume, sea level equivalent, at anytime above flight level 320, and (2) 0,1 parts per 
million by volume, sea level equivalent, time-weighted average during any 3-hour 
interval above flight level 270.” 
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Asthmatics, particularly children, show an increase in respiratory symp¬ 
toms and decrements in peak expiratory flow rate with increasing O, (EP A 
1996). Studies on children withmoderate-to-severe asthma found that increas¬ 
ing 0 3 from 84 to 160 ppb for 1 h resulted in increased medication use and an 
increase in the number of chest symptoms (Thurston et al. 1997). Tire long¬ 
term sequelae of inhalation exposure are unknown, but continued exposure 0 3 
at low concentrations could result in chronic effects in humans (EPA 1996) 

The committee was able to identify only one study that examined the 
possible effects of0 5 on flight attendants (Tashkinetal. 1983). Theauthors 
attempted to determine, on the basis of symptoms reported on a ques tionnaire 
distributed to flight attendants on high-altitude flights of Boeing 747SP aircraft, 
whether the symptoms were consistent with possible exposure to increased 
0 3 . Although the authors concluded that the reported symptoms were consis¬ 
tent with exposure to toxic concentrations of 0 3 (0.4-1.09 ppm, measured 
onboard other 747SP aircraft), no 0 3 measurements were made on flights 
where the questionnaire was used. There were substantial limitations in the 
study, as discussed in Chapter 6. 


Engine Oils and Hydraulic Fluids 

Engine lubricating oils and hydraulic fluids are complex mixtures of primar¬ 
ily organic compounds (see Table 3-12 for major components). Among the 
major additives to the petroleum base of these mixtures are organophosphate 
compounds, of which those organophosphates, of greatest toxicological con¬ 
cern are tricresyl phosphate (TCP) derivatives and the generation of 
trimethylolpropane (TMPP). Other organophosphates that can be present in 
the oils and fluids are tributyl phosphate, dibutyl phenyl phosphate, and triphenyl 
phosphate. The general toxicity of these agents is discussed below. 

Engine lubricating oils and hydraulic fluids have been reported to enter the 
passenger cahin of aircraft through the environmental control system (ECS) 
as discussed in Chapter 3. The fluids (and their possible pyrolysis products) 
can result in mists, fumes, vapors, and smoke in the cabin The major pyrolysis 
products of jet engine oils and hydraulic fluids, at less than very high tempera¬ 
tures, will probably be volatile organic compounds (VOCs) and carbon monox¬ 
ide (CO). Although there is considerable toxicological information on the 
major constituents of engine oils and hydraulic fluids, there are few data on the 
toxic ity of the formulated oils and fluids themselves. O nly a couple of studies 
were found in the published literature, and they are discussed below. 
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In an early study to determine whether the introduction of engine oils or 
hydraulic fluids or their combustion products into the ECS would impair aircraft 
crew, rats were exposed via inhalation to synthetic engine lubricating oils 
(Exxon turbo oil 2380 or Mobil II jet oil) or one synthetic hydraulic fluid 
(Skydrol 550B) (Crane et al. 1983). The authors concluded that for combus¬ 
tion of the engine oils at400°C, the major toxic component was CO, whether 
or not combustion produced flames or only smoke. The hydraulic fluid Skydrol, 
under flaming conditions, was more toxic (the animals became incapacitated 
and died more quickly) than the engine oils, but it was not toxic under non- 
flaming (smoking) conditions. 

In another study, the hydraulic fluid Skydrol 500B-4 (manufactured by 
Monsanto), containing primarily tributyl phosphate and dibutyl phenyl phosphate 
(80-90% phosphate esters) was tested with rats via inhalation. The animals 
were exposed for 6 h/d, 5d/wk, to very high Skydrol concentrations (up to 300 
mg/m 3 , with about 95% of particles less than 10 pm in diameter) for up to 13 
wk. Rats exhibited reddish nasal discharge and salivation, suggesting irritation. 
No pathological changes were seen in animals exposed at 100 mg/m 3 (the no¬ 
observed-adverse-effect level). Pathological changes at 300 mg/m 3 included 
increased liver weight with hepatocellular hypertrophy, decreased hematocrit 
in both males and females, and decreased plasma cholinesterase in females 
only (Healy et al. 1992). In other animal studies with organophosphate ester 
hydraulic fluids, rabbits exposed for less than 4 h/d, 5 d/wk, for 11 or 22 d, to 
aerosols of CeSlulube 200 hydraulic fluid at 2,000 mg/m 3 died with severe 
dyspnea and mild diarrhea (Carpenter et al. 1959, as cited in ATSDR 1997). 


Tricresyl Phosphate Esters 

As noted in Table 3-12, engine oils and hydraulic fluids contain several 
phosphate esters as antiwear additives. Hydraulic fluids contain tributyl phos¬ 
phate (at up to 80%), dibutyl phenyl phosphate, and butyl diphenyl phosphate 
and can also contain up to l%TCP(Hewstone 1994). Engine lubricating oils 
contain TCP at 1 -5% (typically 3%). The commercial TCP found in engine 
oils and hydraulic fluids is actually a mixture of aryl phosphates, including the 
ortho, meta, and para isomers and other o-cresol compounds. Although older 
TCP contained up to about 25-40% o-cresyl residues, currently manufactured 
TCP contains less than 0.3% o-cresyl residues (some reports indicate that o- 
cresyl isomers are present in TCP at 0.05-0.13%) (Goode 2000), and some 
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TCP mixtures contain almost no o-cresyls or o-xylenyls (Craig and Barth 
1999 ). 

TCP is a toxic mixture that can cause a wide array of transitory or per¬ 
manent neurological dysfunction—including convulsions, flaccid paralysis, and 
polyneuropathy—although these serious sequelae are almost always secondary 
to ingestion. The committee did not identify any reports of human neuropathy 
following inhalation of TCP. Episodes of penetration of engine oil mists and 
fumes into the aircraft cabin might lead to dermal and inhalation exposure of 
passengers and crew members. Although the committee was unable to find 
any objective information that would substantiate and document frank neuro¬ 
toxicity in persons exposed to such mists and fumes on aircraft, such a possibil¬ 
ity cannot be a priori discounted if airborne concentrations of TCP are substan¬ 
tial and exposures long enough. 

One of the most toxic components of TCP is tri-o-cresyl phosphate 
(TOCP). The primary consequence of TOCP ingestion is delayedneuropathy. 
Characterized by degenerative changes in the axons (“dying-back neuropa- 
thy”), also known as OPIDN (organophosphate-induced delayed neurotoxicity 
or neuropathy), that generally occurs 1-2 wk after exposure {Baron 1981). 
Acute toxicity may be manifest immediately as nausea, vomiting, diarrhea, and 
abdominal pain and be followed by a long asymptomatic period (8-3 5 d), after 
which there is a bilaterally symmetrical degeneration of sensory and motor 
axons in peripheral nerves and spinal-cord tracts; fibers that are longest, and 
have the largest diameter tend to be the most affected. Signs and symptoms 
are paresthesias in the extremities (numbing and tingling), pain in the calves 
and legs, and absence of reflexes, mostly in the feet and legs, in severe cases 
ofpoisoning, all four limbs can be affected in the form of a “glove and stock¬ 
ing” distribution. Development of uncoordinated movements (ataxia) may 
occur at the same time and progress to flaccid paralysis. Recovery is usually 
poor; in time, flaccidity may be replaced with spasticity, reflecting some regen¬ 
eration of the peripheral nerves, but with residual damage in the spinal cord. 

Studies with experimental animals (primarily hens and cats) have shown 
that modem lubricating oils have comparatively low toxicity via ingestion and 
inhalation. An acute oral 5-g/kg dose of engine lubricating oil containing 3% 
TCP did not result in any clinical signs of delayed neurotoxicity in hens, the 
animals most sensitive to the neuro toxic action of TCP and related phosphate 
esters, after a 3-wk followup period; a repeat oral dose also produced no toxic 
or histopathologicai changes (Daughtrey et al 1990 ). Groups of 17-20 hens 
received a daily oral 1 -g/kg body weight dose of engine lubricating oils contain¬ 
ing either 3% TCP (the commercial TCP contained less than 1% TOCP), 
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triphenyl phosphorothionate, or butylated triphenyl phosphate for 5 d/wk for 13 
wk. The animals did not exhibit any inhibition of neuropathic target esterase 
(NTE) activity in the brain and spinal cord at 6 wk; at 13 wk, NTE was inhib¬ 
ited by 23-34% compared with the result in saline-treated hens; no clinical or 
neuropathological signs of OPIDN were evident at either 6 or 13 wk. Hens 
that received TOCP daily at 7.5 mg/kg (pins an oral dose of 500 mg/kg 12 d 
before the end of treatment) exhibited clinical impairment and lesions indicative 
of OPIDN at 6 and 13 wk (Daughtrey et al. 1996). The authors concluded 
that TCP should not pose a hazard to humans under exposure conditions that 
cart realistically be expected in the handling of these materials. 

Only one set of animal studies of the inhalation toxicity of TOCP was 
foundby the committee (Siegel et al. 1965). One of four hens with continuous 
(23 h/d), whole-body exposure to hydraulic fluid mist containing not more than 
1.5% TOCP (with trixylenyl phosphates and other trialkylphenyl esters) at to 
23 mg/m 3 exhibited signs ofneurotoxicity at day 58. At hydraulic fluid concen¬ 
trations of 102-110 mg/m 3 , early signs of neurotoxicity were evident in 19 of 
20 hens between days 22 and 29- Four of 12 squirrel monkeys exposed contin¬ 
uously to hydraulic fluid mists at 4.3 or 4.4 mg/m 3 (six animals per concentra¬ 
tion) died within the 108-day exposure penod although no signs ofneurotoxicity 
were seen in the surviving animals (four of the 10 control animals also died) 
(Siegel et al. 196 5). For intermittent exposures, groups of six chickens were 
exposed to hydraulic fluid mist containing 1.5% TOCP at 25 or 50 mg/m 3 for 
8 h/d, 5 d/wk, for a total of 30 exposures. Hens in the lower concentration 
group showed no signs of neurotoxicity although there was an increase in 
weight; at the higher concentration, three of the hens developed signs of paral¬ 
ysis by day 29 (Siegel et al. 1965). 

In humans, exposures to TOCP that are not likely to produce toxic effects 
are estimated to be 2.5 mg/kg fora single oral dose (175 mg for a 70-kg per¬ 
son) and 0.13 mg/kg per day for repeated exposures (9 mg/d for a 70-kg per¬ 
son) on the basis of the assumption that there was no significant difference in 
TOCP sensitivity among cats, hens, and humans. A safety factor of 10 was 
used to extrapolate from animals to humans (Craig and Barth 1999). Because 
of the lack of data on TOCP toxicity in humans, the committee is unable to 
assess whether the assumption of equivalent sensitivity in humans, cats, and 
hens is appropriate but notes that a safety factor of 100 is typically used, which 
includes a safety factor of 10 for extrapolation from animals to humans and a 
second safety factor of 10 to account for interhuman variability (Faustman and 
Omenn 2001). 

A further assessment of the inhalation toxicity of TOCP was conducted 
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by comparing the amount of TOCP in an oil mist with worst-case 
occupational-exposure scenarios (Craig and Barth 1999). Forthe purposes of 
comparing risks, the authors assumed that inhaled and ingested doses of TOCP 
were of equivalent toxic potential (but do not justify the assumption). If the 
TOCP concentration in the oil mist were 3%, a sedentary' worker (ventilation 
rate, 0.5 m 3 /h) with an 8-h workday would inhale TOCP at 0.6 mg/d, and a 
worker engaged in heavy activity (ventilation rate, 3,6 ntVh) with a 12-h work¬ 
day would inhale TOCP at 6.5 mg/d. Those values do not exceed the esti¬ 
mated safe dose for a 70-kgperson of9 mg/d. The authors note that although 
a lubricating oil or hydraulic- fluid is unlikely to contain 3% pure TOCP, if the 
other o-aryl phosphates present approach this concentration, it is the atmo¬ 
spheric concentrations of the neurotoxic components that might be of concern 
because they could exceed the American Conference of Governmental Indus¬ 
trial Hygienists (ACGIH) 8-h threshold limit value of 0.1 mg/m 3 time-weighted 
average for pure TOCP (Craig and Barth 1999; ACGIH 2001). 

Some reports suggest that although the “conventional” type of jet engine 
oils contains substantial concentrations of TOCP (2-3% o-cresyl isomers in the 
TCP), a newer “low-toxicity” jet engine oil contains very little of the ortho 
isomer and instead contains primarily the less-toxic meta and para isomers. 
It was estimated that oral doses ofj et engine oilof5.7-33.3 g-'kg containing 3% 
“conventional” TCP would be required to inhibit brain NTE in the hen (the 
most sensitive species) by 70%; an oral dose of87-330 g/kg would be required 
to elicit the same effect if jet engine oil containing 3% “low-toxicity” TCP 
were used (Craig and Barth 1999; Mackerer et al. 1999). 

A recent risk assessment to estimate the potential of conventional and low- 
toxicity jet engine oils containing TCP to cause OPIDN found that ingestion 
of jet engine oil containing 3% TCP at approximately 9-10 g/d would be a 
minimal toxic dose for a 70-kg person; for conventional jet engine oils, the 
minimal toxic dose was estimated to be 280 mg/kg per day (Mackerer et al. 
1999). Studies by Henschler (195 8a,b) on older TCP that contained up to 30% 
o-cresy] isomers showed that the asymmetrical mono-o-cresyl-substituted 
mixed esters were about 10 times as toxic as pure TOCP, with the di-n-cresyl 
isomers in between (Henschler 1959). It has been estimated that the conven¬ 
tional TCP can contain the mono-o-cresyl isomers at 3,070 ppm and the di-o- 
cresyl isomers at 6 ppm, compared with less than 0.005 ppm for TOCP; how¬ 
ever, the newer TCP has been calculated to contain TOCP at less than 0,001 
ppm, mono-o-cresyl isomers at approximately 1,760 ppm, and di-o-cresyl 
isomers at 1,1 ppm (Mackerer and Ladov 2000), 
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Other Phosphate Esters 

Hydraulic fluids contain phosphate esters in addition to the TCP mixture. 
Among them are tributyl phosphate, dibutyl phenyl phosphate, butyl diphenyl 
phosphate, and triisobutyl phosphate. Toxicity information on those phosphate 
esters in the published literature is relatively sparse and is summarized below. 

The use of synthetic engine lubricants raises the possibility that at ex¬ 
tremely high temperatures (250-700°C) a very potent neurotoxicant can be 
formed (Centers 1992; Wright 1996). If the lubricant contains trimethylol- 
propane esters as well as TCP, they may thermally degrade to form TMPP at 
rates of 7-10 mg/mL of lubricant at those very high temperatures (Centers 
1992). Detection of TMPP after a fire (on a ship that used a lubricant contain¬ 
ing the compounds) confirmed that the generation of this extremely toxic com¬ 
pound can occur under actual fire conditions (Wyman et al. 1993). The 
intraperitoneal dose of TMPP required to kill 50% of mice was 1.0 mg/kg; 
50% mortality was achieved with dermal exposures of50-100 mg/kg (Centers 
1992). 

Dibutyl phenyl phosphate and di-tert-butylphenyl phosphate manifest many 
of the health effects typical of organophosphate compounds in that they are 
expected to produce neurotoxic symptoms after ingestion. Irritation of the 
mucous membranes of the eyes, nose, and upperrespiratory tract with cough¬ 
ing and wheezing follow inhalation exposure to their vapors or aerosolized 
formulations. Repeated dermal contact with dibutyl phenyl phosphate has 
resulted in drying and cracking of exposed skin (Hazardous Substances Data 
Bank [HSDB] 2000). Specific toxicity data were not identified for di-tert- 
butylphenyl phosphate. 

Tributyl phosphate (TBP) appears to be much less toxic than TCP. Va¬ 
pors of TBP can cause irritation of the mucous membranes in the eyes, nose, 
and throat. W orkers exposed to TBP at 15 mg/m 3 complained of headache and 
nausea. Prolonged exposure may result in paralysis; however, neurotoxic 
effects are seen only at very high doses and then primarily via ingestion. TBP 
has only weak cholinesterase-inhibition activity and only via ingestion of large 
quantities (e.g., 100 mL). It has been estimated that the probable oral lethal 
dose for a 70-kg person is 0.5-5 g/kg (HSDB 2000). Skin contact may result 
in irritation. 

In summary, the presence of phosphate esters in engine lubricating oils and 
hydraulic fluids may constitute a potential neurotoxic hazard. Practically all 
known cases of human toxicity of these compounds involve ingestion of sub- 
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stantial amounts. It should be noted that no TCP isomers, including TOCP, 
and no TMPP were detected on several flights of different aircraft (Nagda et 
al. 2001); however, TCP vapors were detected in air when engine lubricating 
oils 3nd hydraulic fluids were pyrolized under laboratory conditions (van Netten 
2000, van Netten and Leung 2000, van Netten and Leung 2001). Measure¬ 
ment of the airborne concentrations of these compounds or modeling of possi¬ 
ble exposure scenarios in aircraft cabins, with objective demonstration of 
neurotoxicity in experimental animals exposed to these compounds by inhala¬ 
tion, is needed for a proper assessment of risk. 


Carbon Monoxide 

CO is a colorless, odorless gas produced by incomplete combustion of 
carbonaceous material. EFA has established standards for ambient air con¬ 
centrations of CO of 9 ppm (10 mg/m 3 ) for an 8-h exposure and 35 ppm (40 
mg/m 3 ) for a 1-h exposure (EPA 2000). It has also established “significant 
harm” concentrations of 50ppm (8-haverage), 75 ppm (4-haverage) and 125 
ppm (1-h average) as conditions in which exposure could result in 
caiboxyhemoglobin (COHb) concentrations of 5-10%, which could cause 
significant health effects in sensitive people (EPA 2000). CO in cabin air is 
regulated by F AJR. 2 5.831. 2 Concentrations measured in aircraft under normal 
operating conditions are typically below 1.0 ppm (Nagda et al. 2001) and in a 
recent survey did not exceed 0.87 ppm (Waters 2001). The presence of CO 
in the aircraft cabin is important for health because it has an affinity for hemo¬ 
globin about 250 times that of 0 2 , forming COHb, reducing the 0 2 -carrying 
capacity of the blood, and possibly causing hypoxia. Formation of COHb 
depends on CO concentrations in the ambient air and on respiratory minute 
volume. Under normal physiological conditions, the brain can increase the 
blood flow or tissue 0 2 extraction to compensate for the hypoxia. When ambi¬ 
ent CO is high—for example, in a fire or in the presence of incomplete com¬ 
bustion—blood CO can reach lethal concentrations within minutes and are not 
necessarily preceded by such symptoms as headaches and dizziness. At 


“ FAR Section 25.831 “Ventilation: 1. Carbon monoxide concentrations in excess 
of 1 part in 20,000 parts of air (50 ppm) are considered hazardous. For test purposes, 
any acceptable carbon monoxide detection method may be used.” 
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CQHb of at least 2.3 and at least 4.3%, maximal exercise duration and perfor¬ 
mance, respectively, are slightly reduced in healthy people; no effects on 
submaximal exercise were observed when COHb levels was increased to 15- 
20% (EPA 2000). A large clinical study of the cardiovascular effects of CO 
on patients with angina was sponsored by the Health Effects Institute (Allred 
etal. 1991). Exposure to CO concentrations during exercise sufficient to raise 
the blood COHb concentration to 2%, resulted in a reduced time to angina 
symptoms, 4% COHb resulted in a further reduction. These CO exposures 
also produced depressions of one temporal segment of the cardiograms. 

Smokers are more susceptible to the effects of CO because they have 
COHb at about 5%; nonsmokers typically have COHb at close to zero. Early 
symptoms of CO poisoning in humans are headaches and lightheadedness. At 
COHb of 15%, hypoxia begins. When blood COHb reaches 30-40%, severe 
headache, weakness, dimness of vision, confusion, dizziness, nausea, and 
vomiting may occur; consciousness can be lost sometimes for hours before 
death. At higher concentrations—usually more than 40-50% blood saturation 
with CO—severe ataxia, increasing confusion, hallucinations, and accelerated 
respiration occur. At 50-60% saturation, convulsions, tachycardia, and coma 
are evident; death occurs at COHb of greater than 70% (Gosselin et al. 1984, 
as cited in HSDB 2000). Fatal COHb concentrations would probably be lower 
at higher altitudes, with reduced P0 2 , than at sea level. 

Although CO is known to have fetotoxic effects in laboratory animals, 
effects on human fetuses are less evident, although of concern. In animals, 
COHb concentrations of less than 10% do not appear to affect fetal develop¬ 
ment adversely until possibly later in gestation, and it has been postulated that 
the same response may be expected in human pregnancy (Robldn 1997; as 
cited in EPA 2000). One prospective study of 40 cases of acute CO poisoning 
of pregnant women (Koren et al. 1991, as cited in EPA 2000) found that even 
hypoxemia resulting in mild to moderate COHb saturations, up to 18%, did not 
impair fetal growth; this suggests that most pregnant women are not increasing 
fetal risk through ordinary ambient exposure. In another study, maternal expo¬ 
sures to CO at 150 to 200 ppm, resulting in 15-25% COHb, did result in lower 
birth weights, heart abnormalities, delays in behavioral development, and dis¬ 
ruption of cognitive function in several laboratory animal species (EPA 2000). 
Exposures to CO at levels as low as 60-65 ppm CO (6-11% COHb) through¬ 
out gestation produced many of the same developmental effects (EPA 2000). 

Healthy people have shown central nervous effects after 1-h peak CO 
exposure which resulted in 5-20% COHb. Effects included decrements in 
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hand-eye coordination (driving or tracking), attention, and vigilance (detection 
of infrequent events) (TEPA 2000). 

People who have suffered and recovered from acute CO poisoning occa¬ 
sionally develop neuronal loss in the cortex and necrosis in the basal ganglia, 
which result in parkinsonism-like signs (Smith, 1996; Steinmetz 1998). 


Formaldehyde 

Another cabin a ir contaminant that may have adverse effec ts is formalde¬ 
hyde. Formaldehyde is a colorless gas with a distinct odor that is noticeable 
at approximately 0.5-1.0 ppm. It is a ubiquitous chemical in ambient air at very 
low concentrations. However, excessive concentrations could be found in 
aircraft cabins as a result of the thermal decomposition of engine oils or hy¬ 
draulic fluids or the reaction of 0 3 with cabin surfaces. Chapter 3 contains 
more information on the generation of formaldehyde in cabin air. Under nor¬ 
mal operating conditions, measured concentrations on aircraft have not ex¬ 
ceeded 26 ppb (13 pg/m 3 ) (Nagda et al. 2001) 

Formaldehyde is a known irritant of the mucous membranes of the eyes, 
nose, and respiratory tract at concentrations of approximately 0.4-3 ppm 
(ATSDR, 1999). Paustenbach et al. (1997) reported that for most people, eye 
irritation does not occur until at least 1 ppm; more severe eye, throat, and lung 
irritation occurs at 2-3 ppm; and acclimation occurs (Paustenbach etal. 1997). 
On the basis of its evaluation of the literature, the Industrial Health Panel 
recommended an 8-h time-weighted average occupational exposure limit of 0.3 
ppm for formaldehyde with a ceiling value of 1.0 ppm. The panel did not iden¬ 
tify any hypersensitive subgroups, suchas asthmatics, and found no evidence 
of sensitization (Paustenbach et al. 1997). 

Chronic inhalation exposures (for 6.8 yr; range, 2-19 yr) to formaldehyde 
at 0.3 9 ppm resulted in abnormalities of the nasal epithelium in plywood-factory 
workers (Ballarin etal., 1992, as cited in ATSDR 1999). In 70 chemical work¬ 
ers who produced formaldehyde for an average of 7.3 yr (range, 1-36 yr), 
expousre to it at approximately 0.24 ppm also resulted in nasal epithelium 
abnormalities (Holmstrom et al. 1989, as cited in ATSDR 1999); the chronic 
daily human exposure that is estimated to be without risk of adverse effects is 
0.008 ppm, on the basis of this study. Concentrations of greater than 20 ppm 
are Iife-thTeatening. Formaldehyde has been designated by EPA as a probable 
human carcinogen (Integrated Risk Information System [IRIS] 2001). 


PM3006449126 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 




The Airliner Cabin finvi moment and the Health of Passengers and Crew 

-WtD/ofcnbooJtAMlWVMilWftilinl/aiiLhiml. copyright 2002. 2001 ')i»c National Academy of Sciences. all rights reserved 


Health Considerations: Chemical Contaminants and Physical Factors 201 

Deicing Fluids 

Glycols (ethylene glycol and propylene glycol) are the main constituents 
of deicing fluids used for aircraft. Exposure to deicing fluids is expectedto be 
season- and climate-dependent Deicing fluid is typically applied hot. As noted 
in Chapter 3, there are no published studies on the potential for deicing fluids 
to enter the cabin air via bleed air. 

Ethylene glycol can be extremely toxic, particularly if ingested at high 
doses or if high concentrations of heated vapors are inhaled. Most known 
cases of ethylene glycol toxicity resulted from ingestion; ethylene glycol has 
a low vapor pressure. Ingestion of small amounts can cause drowsiness and 
slurred speech. Ingestion of antifreeze fluids containing ethylene glycol, often 
accidentally or suicidally, causes serious metabolic acidosis and renal toxicity 
(tubular necrosis) in humans—because of the toxic metabolite oxalic 
acid—and CNS depression, cardiopulmonary disturbances, pulmonary edema, 
andcongestiveheartfailure(SnyderandAndrews 1996). The minimal lethal 
oral dose of ethylene glycol for adults is 1.4 mL/kg (1,330 mg/kg of body 
weight) (ATSDR 1997). Because of its poor absorption through the skin, 
systemic effects through skin contact are unlikely. 

There are few data on inhalation exposures to ethylene orpropylene glycol 
and no reports of death following exposure by this route (ATSDR 1997). 
After inhalation exposure to ethylene glycol aerosol at 3-6 7 mg/m 3 for 20-22 
h/d for about 4 wk, human volunteers complained of upper respiratory tract 
irritation and occasionally of slight headache and low backache. Ethylene 
glycol at above 140 mg/m 3 was highly irritating and above 200 mg/m J was 
intolerable. No ethylene glycol or its metabolites were found in the blood or 
urine of the subjects (Wills et al. 1974). 

Fropylene glycol has almost no intrinsic oral toxicity and is widely used in 
foods, cosmetics, and pharmaceuticals. Its low toxicity is explained by its meta¬ 
bolic conversion to lactic acid and pyruvic acid, normal body constituents 
(Snyder and Andrews 1996). Both propylene glycol and ethylene glycol are 
rapidly metabolized by humans and cannot be detected in tissues 48 h after 
exposure. Repeated, short-term exposures to propylene glycol may result in 
some irritation of the eyes, skin, and nasal and oral mucosa; some skin sensiti¬ 
zation is possible (ATSDR 1997). Over the last 5 yr, the market share of 
propylene glycol used in deicing fluids has grown from 10% (124 million 
pounds) to 70% (140 million pounds), primarily at the expense of ethylene 
glycol (Ritter 2001). The increased use of propylene glycol in deicing fluids 
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has reduced the potential for toxic effects after accidental exposure to these 
compounds. 


Pyrethroid Pesticides 

Today, only a few foreign countries require the use of insecticides on 
aircraft coming from other countries, including aircraft from the United States. 
Consequently, the interiors of U.S. aircraft destined For those countries must 
be disinsected, a practice the United States discontinued in 1979 (see Chapter 
3). The pesticides are usually synthetic pyrethroids, primarily pheno thrift and 
permethnn. Chapter 3 describes the application methods for these pesticides. 

The disinsection practices of some countries are expected to result in the 
exposure of cabin crews and passengers to pesticides. Although pyrethroid 
pesticides have very low toxicity in humans, they can cause adverse effects 
in some people and are recognized as neurotoxicants at very high doses. The 
acute oral dose that is lethal to 50% of rats is 0.5-5 g/kg; the dose that is lethal 
to 50% of animals in 4-h is 2,280 mg/kg; and the concentration that is lethal to 
50% of animals via inhalation with intermittent exposure is 500 mg/m } (NRC 
1994). The pesticides act by slowinginactivationoftheneuronal sodium chan¬ 
nels, thus causing hyperexcitability of the nerves. That hyperexcitabil ity pro¬ 
duces signs of CNS and peripheral nerve disturbances. CNS toxicity is mani¬ 
fested as coarse tremors, involuntary muscle movements, and excessive 
lacrimation. Although their lethality is low, the pyrethroids are recognized as 
dermal irritants and, when they are in fume or vapor form, as respiratory and 
ocular irritants (Ecobichon and Joy 1994). 

Systemic poisoning is less likely from dermal exposure than from oral 
exposure oral because absorption through the skin is considerably less than 
absorption through the gastrointestinal tract. In general, dermal exposure to 
pyrethroids results in a localized tingling sensation of the skin (paresthesia) 
without loss of normal sensation within 0.5-5 h and persists for up to 3 d 
(WHO 1995). Because skin appears to bind pyrethroids, localized effects can 
be expected to last for long periods, and the skin might act as a reservoir; this 
could result in symptoms that last for several weeks in acute cases of pyre¬ 
throid poisoning (He etal. 1989), although thorough cleaning of the skin may 
prevent or minimize this effect. In a study with 184 human volunteers, a 21 -d 
repeat patch test with a 40% solution of permethnn did not result in any skin 
sensitization, although there were some reports oftransient burning, stinging, 
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and itching (NRC 1994). Patch tests with permethrin have shown no allergic 
response (Naumann and McLachlan 1999). 

Areas on the body where skin is thin are affected first, because the agent 
can interact more readily with nerve endings. The average threshold dose for 
producingparesthesiaisO.lmg/cnriofskm inhumans (WHO 1995). About 
2% of permethrin applied directly to human skin is expected to be absorbed 
(NRC 1994), In a scabies-control program involving about 1,000 people, skin 
application of a cream containing 5% pyrethroids resulted in no complaints of 
paresthesia (Yonkoskyetal. 1990). There appear to be individual susceptibili¬ 
ties to the effect; this may be related to the variation in the concentrations of 
carboxyesterase enzymes in the skin (Leng et al. 1999). Thus, lymphocyte 
carboxyesterase activity might serve as a biomarker of the effect (Leng et al. 
1999). It has been suggested that persons with pre-existing disease (including 
skin disease and lowered immunity), infants, and children can be more sensitive 
than healthy adults to the effects of permethrin (Naumann and McLachlan 
1999). Phenothrinis used to control headliee in children and has been reported 
to have relatively few adverse health effects (Naumann and McLachlan 
1999). 

Occupational exposure to or inappropriate handling of synthetic pyrethroids 
has been found to produce dizziness, burning, itching, ortingling of the skin. 
More severe contact, such as spilling of the pesticides onto the skin, resulted 
in lacrimation, photophobia, and eye irritation. Accidental swallowing may 
cause headaches, dizziness, vomiting, fatigue, anorexia, chest tightness, blurred 
vision, paresthesias, and, in severe cases, convulsive attacks. However, the 
signs and symptoms of pyrethrin toxicity are usually fully reversible, and no 
long-term human toxicity has been reported after single or repeated exposure 
(He et ah 1989; Ecobichon and Joy 1994; Harp 1998; Leng et al. 1999; 
Vandenplas et al. 2000). 11 is possible that after exposure sensitive people will 
develop a rash or allergy-like symptoms such as wheezing, cough, and short¬ 
ness of breath. That might happen particularly in people who have atopy or 
bronchial asthma, although the relationship between asthma and pyrethroid 
exposure is not dear (WHO 1995). Aerosolized pesticides can trigger a “non¬ 
specific” asthmatic response—bronchoconstriction and respiratory symp¬ 
toms—although it is has been difficult to link sensitization in nonasthmatics to 
exposure to aerosolized pyrethroid insecticides (WHO 1995)- 

Aside from the obvious inhalation and dermal exposures that occur when 
passengers and crew are actively sprayed, typically with phenothrin, residual 
exposures can occur when permethrin is used to treat unoccupied cabins. 
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Residual exposures arc likely to be dermal and oral. See Chapter 3 for a more 
detailed description of possible exposures resulting from disinsection practices. 

Pyrethroid pesticides are rapidly destroyed by carboxyesterase enzymes 
in the liver and to a lesser extent in skin, muscle, kidney, brain, and serum 
(Leng et al. 1999). Organophosphates are also destroyed by carboxyesterases 
and so can compete with pyrethroids for the enzymes, the competition can 
result in a synergism that increases overall toxicity. The enzyme cholinester¬ 
ase, which is also inhibited by organophosphates, does not appear to be impor¬ 
tant in pyrethroid metabolism (Leng et al. 1999). There is little information on 
long-term exposure to permethxin and none such on exposure of humans 
(Naumann and McLachlan 1999). 

Most flight attendants’ reports of pesticide incidents describe lung, eye, 
throat, or skin irritation as the primary adverse effect. Sensitization, or en¬ 
hanced responsiveness with successive pesticide exposures, may be a problem 
faced by cabin attendants because they are intermittently exposed; such an 
exposure regimen is ideal for inducing sensitization or magnified responses to 
thesameexposures (Weiss and Santelli 1978; Gilbertl995; Jones etal. 1996). 

If people are exposed to both pyrethroid and some enzyme inhibitors, there 
is apotential for synergistic effects. Pyrethroids are lipophilic and are rapidly 
absorbedandmetabolized after ingestion bymammals. However, they do not 
accumulate in mammalian tissues. In mammals and insects, pyrethroids are 
generally metabolized by carboxylases and the mixed-function oxidase (MFO) 
System of the microsomes (Casida etal. 1983). Piperonyl butoxide, a potent 
inhibitor of the MFO system, is often added to the pesticide formulations to 
increase the toxicity by a factor of 10-300 (Casida et al. 1983). Carboxy¬ 
esterase inhibitors may also act synergistically to enhance the toxicity of pyre¬ 
throids. The synergism is an asset for insect control, hut it can have potentially 
serious implications for humans in the rare event that a leak of engine oils or 
hydraulic fluids causes these compounds to enter the cabin and causes simulta¬ 
neous exposure to carboxyesterase inhibitors. No incidents of such interac¬ 
tions have been documented in humans, but engine-oil seal failures and 
hydraulic-fluid leaks into the ECS of aircraft have been reported (Parliament 
of Commonwealth of Australia 2000; vanNetten 2000; van Netten and Leung 
2000,2001). SeeChapter3 for a more detailed discussion of engine-oil and 
hydraulic fluid leaks. 

Two other features of possible pyrethroid toxicity may warrant further 
research and discussion: their potential as developmental neurotoxicants 
(Ericsson, 1997; Landrigan et al, 1999) and theirpotential as endocrine disrup- 
tors in vivo, which so far has been demonstrated only in vitro (Go et aL 1999). 
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Aldehydes 

Aldehydes, such as acetaldehyde and acrolein (an unsaturated aldehyde), 
could be found in cabin air in the case ofleaking orpyrolysis of engine oil or 
hydraulic fluids. Concentrations of aldehydes (and ketones) measured in air¬ 
craft cabins are “lower than those encountered in ground level buildings” 
(Nagda et al. 2001). 

Maximal concentrations of acetaldehyde were 26.4-30.7 ug/rtr in bleed air 
and 20.8-70.2 jxg/m 3 in cabin air (see Chapter 3), Some sensitive people might 
suffer adverse effects, and there could be repeated exposures. Exposure to 
other aldehydes results in decreasing toxicity as the chain length of the alde¬ 
hyde increases in the order of acetaldehyde, propionaldehyde, isobutyralde- 
hyde, n-butyraldehyde, valeraldchyde, and isovaleraldehyde (HSDB 2000). 
Effects of inhalation exposure to acetaldehyde at high concentrations (about 
100-200) ppm include irritation of the mucous membranes (200 ppm for 15 
min), irritation of the respiratory tract (134 ppm for 30 min), and lung edema. 
Prolonged inhalation exposure to acetaldehyde results in symptoms that mimic 
alcohol intoxication. Repeated dermal or ocular exposures may cause dermati¬ 
tis or conjuncitivitis, respectively (HSDB 2000). Irritation of the eye may 
occur at acetaldehyde vapor concentrations as low as 25 ppm after 15 min. 
Acetaldehyde may facilitate the uptake of other air contaminants by humans 
because of its ciliotoxic and mucus-coagulating effects (HSDB 2000). 
Acetaldehyde has been classified as a possible human carcinogen. 

The unsaturated aldehyde acrolein may also cause adverse effects when 
inhaled. However, acrolein was not detected in bleed air or cabin air of sev¬ 
eral aircraft under normal Operating conditions (Nagda et al. 2001). It is an 
irritant of the eyes and respiratory tract. The odor of acrolein can be perceived 
at 0.7 mg/m 3 . The threshold concentrations of acrolein for irritation and health 
effects are 0.13 mgW for eye irritation, 0.3 mg/m 3 for nasal irritation and 
blinking, and 0.7 mg/nr’ for decreased respiratory rate. Exposure to acrolein 
vapor in air at 1 ppm (2.3 mg/m 3 ) causes lacrimation and marked eye, nose, 
and throat irritation within 5 min. It irritates the conjunctiva and mucous mem¬ 
branes of the upper respiratory tract. Above 3 mg/m 3 , it causes injury to the 
lungs, and respiratory insufficiency may persist for 18 mo or more. A 10-min 
exposure at 3 50 mg/m 3 was lethal (HSDB 2000). Acrolein has been classified 
as a possible human carcinogen on the basis of an increased incidence of 
adrenal cortical adenomas in female rats (IRIS 2001). EPA established a 
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reference concentration 3 of 0.0002 mg/m 3 for acrolein on the basis of squa¬ 
mous metaplasia and neutrophilic infiltration of nasal epithelium in subchronic 
inhalation studies in rats (Kutzman 1981, as cited in IRIS 2001). 

Carbon Dioxide 

Carbon dioxide (C0 2 ) in the aircraft cabin is primarily a “bioeffluent” in 
that it is released in the exhaled breath of the occupants and is generated by 
normal metabolism (see also the section on sources inside the cab in in Chapter 
3). C0 2 inhaled at 2% in air increases pulmonary ventilation by 5 0% (Thicnes 
and Haley 1972, as cited in HSDB 2000). Asphyxiant effects may occur as 
the concentration exceeds 6%, causing shortness ofbreath, dizziness, tingling, 
and slowed mentation (Maresh et al. 1997). Adding 1% C0 3 to air increased 
pulmonary ventilation rate by 37% at sea level. Under a pressure that simu¬ 
lated an altitude of5,000 m (16,4 00 ft), pulmonary ventilation rate increased by 
7%. C0 2 concentrations of 0.5% or 1% stimulated hyperventilation to a de¬ 
gree that prevented a decrease in psychomotor performance at a simulated 
altitude of 5,800 m( 19,000 ft)butnot at 5,000 m(i 6,400 ft) (Vieillefond et al. 
1981, as cited in HSDB 2000). Repeated daily exposures to 0.5-1.5% inspired 
C0 2 at 1 atm are well tolerated by healthy people (ACGIH 1980). 

FAR 25.831 has a set limit for C0 2 in the cabin at 0.5% (5,000 ppm). 4 
Cabin pressure altitude is limited to 2,440 m (8,000 ft) and that limit appears to 
protect occupants from adverse effects of exposure to C0 2 . The highest CO, 
concentrations measured in aircraft cabins and reported in the literature are 
below the limit (see Table 1-2, Chapter 1). Typical values reported are in the 
range of 1,100-1,700 ppm, although concentrations as high as 4,200 ppm have 
been reported (Waters 2001). Backman and Highighat (2000) reported C0 2 
concentrations of45 5 ppm, 5 86 ppm, and 706 ppm on an Airbus 320 (altitude, 
39,000 ft; 86 passengers), a Boeing 767 (39,000 ft; 70passengers), and a DC-9 
(35,000 ft; 75 passengers), respectively. 


3 The reference concentration is an estimate of a daily exposure to the human 
population (including sensitive subgroups) that is likely to be without an appreciable 
risk of deleterious effects during a lifetime. 

4 FAR Section 25.831: “Ventilation: 2. C0 2 concentration during flight must be 
shown not to exceed 0.5 percent by volume (sea level equivalent) in compartments 
normally occupied by passengers or crew members." 
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C0 2 is used to assess the adequacy of ventilation. Normally, C0 2 pro¬ 
duced as the metabolic byproduct of occupants—respiration—is the primary 
source ofCO, generation in an occupied space. Although the C0 2 generated 
by respiration is unlikely to reach the point at which adverse effects would be 
expected, other bioeffluents are generated more or less inproportion to C0 : . 
These other bioeffluents may be responsible for complaints about odors, stale 
air, lack of fresh air, and Stuffiness. 


Particulate Matter 

Airborne particles in the passenger cabin may comprise coarse particles 
(such as powders, dusts, dirt, and hair with aerodynamic diameters over 2.5 
pm) and fine and ultrafine particles. Fine particles (aerodynamic diameter, less 
than 2,5 pm) and ultrafine particles (aerodynamic diameter, less thanO. 1 pm) 
are the products of combustion of materials such as fuels, engine oil, and hy¬ 
draulic and deicing fluids. Partic ulate matter (PM), generally with an aerody- 
nam ic diameter of less than 10 pm (PM,,-) has been measured aboard aircraft 
during normal operations with concentration means ranging from less than 10 
pg/m 3 (Nagdaet al. 2001) to 176 pg/m 3 (CSS 1994). Typical indoor air PM 
concentrations are 3-35 pg/m 3 (Burtonetal. 2000). Coarse particles, because 
of their size, are deposited in the upper respiratory airways and can lead to 
coughing, sneezing, and nasal irritation. Chapter 4 discusses exposure to and 
health effects of particles of biological origin. 

PM !0 or smaller may be deposited in the lower (thoracic) regions of the 
human respiratory tract, including PM 2 5 , which deposit primarily in deep lung 
airways. Exposure to fine and ultrafine PM has been associated with heart 
rate variability (Peters et al. 2000, as cited in EPA2001) and maybe related 
to cough. Asthmatics have small decrements in lung function and increases 
in coughing, phlegm, breathing difficulty, and bronchodilator use after exposure 
to PM, 0 andPM 25 (EPA2001). Fine and ultrafine particles, which are depos¬ 
ited in the small airways, may contain toxic constituents that have been shown 
to cause cardiopulmonary' effects. However, few data are available on the 
acute effects of particle-associated organic carbon constituents (EPA 2001). 

See Chapter 4 for a more detailed discussion of the possible health effects 
associated with exposure to biological agents. 
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OTHER HEALTH CONSIDERATIONS 
Physiological Stressors 

In addition to the environmental and chemical stressors discussed above, 
other stressors may play a role in the perception of and susceptibility to air 
quality or changes in it. 

Fatigue isacommon complaint among flight attendants. Work schedules 
can be erratic, with unplanned layovers and long hours. Furthermore, jet lag 
can pose a problem. Sleeping accommodations are not always conducive to 
good rest, and meals can be erratic. Fatigue can also be accentuated by in¬ 
creased CO, in the air: other factors contributing to fatigue are the effects of 
vibration, turbulence, and noise; however, these are beyond the scope of this 
report and will not be discussed further here. 


Multiple and Interactive Factors 

As discussed earlier in this chapter, cabin occupants (whether flight crew 
or passengers) may be subjected to numerous air contaminants and other 
physiological stessors in some situations. Space etal. (2000) argue that cabin 
air quality generally is better than that in most indoor environments, according 
to standard criteria. Although that assessment may describe the experience 
of passengers under most circumstances, problems do occur. Engine oil and 
hydraulic fluids, and their pyrolysis products, as noted in other chapters, may 
contaminate the cabin environment, releasing organic compounds, including 
cresyl phosphates, some of which are neurotoxic. Because cabin pressuriza¬ 
tion is limited to a virtual altitude of 8,000 ft, P0 2 declines; this a potential 
hazard for passengers with cardiovascular impairment. Elevated C0 2 concen¬ 
trations in that cabin may not present a serious health threat, but in office 
buildings they are reported to be associated with respiratory symptoms (Apte 
et al. 2000). Some countries expose passengers to insecticides as part of a 
program designed to prevent the introduction of nonnative insects. 

Although individual factors in isolation might each contribute only a small 
diminution in well-being, in combination they might be additive, synergistic, or 
even antagonistic, with their combined influence on the health status of crew 
and passengers virtually unknown. 

Such factors as cramped seating also influence passenger comfort. How- 
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ever, physical activity is more likely to be a potentiating than an additive factor. 
Unlike the relatively sedentary passengers and cockpit crew, cabin attendants 
tend to have sustained periods of moderate activity during the course of a 
flight. As shown for O i earlier, exercise could enhance the effects of expo¬ 
sure to many possible cabin air contaminants, including CO and C0 2 

The interactions of CO and high altitude have been examined, and results 
suggest that the effects are additive (EPA 2000). By binding to hemoglobin, 
CO may increase the hypoxic effects of high altitude in the elderly and those 
with coronary arterial disease. At high altitudes on earth (e.g., 15,000 ft), the 
body adjusts to these hypoxic effects within a few days, but the adjustments 
do not occur over the duration of even a long-distance flight, hi a review of 
the long-term effects of CO at high altitude, EPA found few effects at CO 
concentrations of less than 100 ppm and altitudes below 15,000 ft (4,573 m) 
(EPA 2000). 

Passengers and crew members frequently report fatigue, dizziness, head¬ 
aches, sinus and ear problems, dry eyes, and sore throats during and after air 
travel. Such symptoms are common to many conditions and can be mistaken 
for infections (IEH 2001). Other characteristics of air travel, however, can 
make people more susceptible to infection. For example, travelers are subject 
to stresses (unrelated to their time on an aircraft) that may reduce their resis¬ 
tance to infectiou s di seases, such as long hours of waiting, disruption of eating 
habits, and changes in climate and time zone (Rayman 1997; CDC 2001). 
Psychological stress has been associated with increased susceptibility to the 
common cold (Cohen et al., 1991) and may play a role in other infectious 
diseases. Drying of the nasal mucosa during air travel (due to the low mois¬ 
ture content of the air) may result in nosebleeds and is thought by some to 
increase susceptibility to respiratory infections, although this is uncertain (BRE 
2001). Rose et al. (3999) hypothesized that the reduced-O, environment in 
aircraft leads to mild hypoxia and suppression of the cellular immune system, 
which in turn contributes to increased susceptibility to infection. If thatis borne 
out, this pathway could explain in part why some frequent fryers complain of 
infections after air travel. 

Other gases, such as those associated with human body odor, are present 
in the cabin air and may contribute to the discomfort of passengers. Emissions 
vary widely and depend on individual health, diet, activity, and personal hy¬ 
giene, such as bathing habits, frequency of clothing change, and use of deodor¬ 
ant (Berg-Munch et al. 1986). Personal-hygiene products and fragrances 
contain various plant and animal components, such as aldehydes and sterols. 
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that may be in the cabin air. Additional sources of disagreeable biological 
odors On aircraft are the toilets, waste-storage areas in galleys, and bacterial 
and fungal growth in the cabin. Evidence of adverse health effects (as opposed 
to annoyance) of body odors, cosmetics and colognes, or VOCs of microbial 
origin remains controversial. Respiratory irritation is one condition that could 
result from exposure to odors on aircraft (Batterman 1995; Ammann 1999; 
Korpi et al. 1999; Rose et al. 2000). 


Susceptibility Factors 

Although most members of the travelingpublic are healthy, given the large 
number of people who fly each year it is to be expected that many of them will 
have some level of compromised health. At cabin altitudes during cruise, all 
crew and passengers are in an environment with decreased 0 2 . Under ordi¬ 
nary conditions of commercial flight, relatively small 0 2 decrements usually 
cau se no symptoms in healthy people, because hemoglobin remains well satu¬ 
rated with 0 2 at altitude. Nevertheless, some persons with underlying pulmo¬ 
nary or cardiac disease or significant untreated or partially treated anemia 
might be sensitive to a lowered P0 2 and might experience any number of 
symptoms, including headache, lightheadedness, dizziness, fatigue, numbness, 
and tingling (Sheffield and Heimbach 1996). The health implications of com¬ 
mercial flight for passengers with pre-existing illness are described in greater 
detail in Medical Guidelines for Airline Travel (Aerospace Medical Associ¬ 
ation 1997). Air crew and passengers with particular preexisting medical 
conditions may not tolerate the cabin environment described above as well as 
would a healthy traveler. People with underlying cardiovascular or respiratory 
diseases, particularly adults and children with asthma, may also be at increased 
risk because of the increased O, exposures that occur in high-altitude flights. 
Data are lacking on the relationship between asthma and O, in aircraft cabins 
at high altitudes, People with COPD or emphysema have lung-tissue damage 
with an abnormal capability for transporting 0 2 across the lung tissue into the 
bloodstream. Consequently, they have less 0 2 in their blood than a normal 
person, whether at sea level ot, worse, at altitude. Such passengers may 
become symptomatic and have shortness of breath, wheezing, and coughing. 
Schwartz et al. (1984) studied subjects with severe COPD (average resting 
arterial P0 2 , 68,0 ± 7.3 mm Hg) during flights at altitudes of 1,650-2,250 m 
(about 5,400-7,400 ft) in unpressurized aircraft cabins. PO z decreased to an 
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average of 51.0 ± 9.1 mm Hg at an altitude of 1,650 m; there was little further 
change at 2,250 m. 

Several simulation studies have been carried out in hypobaric chambers 
with COPD patients and healthy subjects (Dillard et al. 1989; Naughton et al. 
1995). Declines in PO, were observed in all patients at rest; values fell to 
below 50 mm Hg in many healthy and COPD subjects and the declines were 
made worse by light exercise (Figure 5-3). Of the 100 patients with COPD, 
44 reported traveling by air in the 2 years before the interview (Dillard et al. 
1991), Eight of the 44 patients reported increased symptoms during flight (no 
direct physiological measurements were available). Five of the 8 patients 
experienced shortness ofbreath when walking in the cabin, and two requested 
supplemental 0 2 for their symptoms. Variables to consider are clinical evalua¬ 
tion, pulmonary-function tests, and blood-gas analysis. The measurement of 
arterial blood gas is most useful because it is considered the best predictor of 
arterial P0 2 at altitude. A ground-level value greater than 9.3 kPa (70 mm 
Hg) is considered adequate in most cases (Gong et al. 1984; Cottrell 1998). 
If it is lower, consideration must be given to prescribing inflight medical O, or 
postponing air travel depending on the clinical circumstances. It cannot be 
overemphasized that the clinical judgment of a physician is essential for a 
person with COPD in deciding whether to fly. The committee was unable to 
locate any data to suggest that most people with COPD cannot fly safely. 

People with significant coronary arterial disease may also be at increased 
risk for cardiac symptoms because of reduced PO, at altitude. The committee 
was unable to locate any published studies of air-travel experiences ofpassen- 
gers with coronary arterial disease. Because of the lack of data, the broad 
spectrum of disease severity, and individual variability, the committee cannot 
put forward any recommendations other than to note that, as with COPD, a 
decision on a traveler’s fitness to fly should be made by a physician. 

A number of characteristics may affect a person’s risk of becoming in¬ 
fected if exposed and affect the severity of disease that could result from 
infection (see Chapter 4 for more information on infectious agents on aircraft). 
Those characteristics include age, nutritional condition, alcoholism, coexisting 
(particularly chronic) diseases (such as those discussed above), immune status, 
and abnormalities in the skin or respiratory tract that allow the entry of infec¬ 
tious agents (Macher and Rosenberg 1999). Many persons with altered 
immunocompetence are able to travel, but they should consult their physicians 
before traveling. 
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FIGURE 5-3 PO, in six healthy subjects and nine subjects with chronic air-flow limita¬ 
tion (CAL; FEV,/FVC s 70%) during hypobaric high-attitude simulation. Data at 8,000 
ft are at rest and after 2 min of “light exercise” (approximate work rate, 200 kJ/min) to 
approximate a short walk on atreraft. Source: Naughton etal. 1995- Redrawn from the 
American Journal of Respiratory and Critical Care Medicine; copyright 1 995, Amer¬ 
ican Thoracic Society. 


People with medical conditions that may require treatment during travel 
(e.g., COPD, asthma, and autoimmune diseases) should carry letters describ¬ 
ing their condition and treatment. Various types of medical alert tags and 
bracelets are available and should be worn to inform emergency-care provid¬ 
ers of appropriate treatments or precautions for various medical conditions and 
how to reach travelers’ health-care providers. 

Populations that may be particularly sensitive to CO poisoning are anemic 
persons who have low hemoglobin concentrations, children who have higher 
metabolic rates thatwould exacerbate the adverse effects of CO, persons with 
a history of coronary heart disease or respiratory disease, and the elderly. 
Smokers typically have increased COHb and may have an adaptive response 
to elevated COHb (EPA 2000). People with coronary arterial disease and 
reproducible exercise-induced angina have decreased exercise tolerance at 
COHb concentrations of 3-6% (EPA 2000). Pregnant women may be at 
particular risk. The fetus may be very susceptible to the effects of CO be- 
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cause it readily crosses the placenta and might result in neurological damage 
to the infant (EPA 2000). Asthmatics may be espec rally sensitive to formalde¬ 
hyde. 

Cabin crews as a cohort population are relatively healthy. Air-transport 
pilots are required by FAA to undergo a flight physical examination every 6 
mo, and must be granted an exception for significant illness or some classes 
of medications. Air-transport pilots can no longer fly as pilots once they are 
60 yr old. However, flight attendants are required to undergo only an entry 
physical examination. There is no requirement for periodic medical examina¬ 
tions as there is for pilots. There are no health requirements for passengers. 


CONCLUSIONS 

• The flight environment, with its lowered barometric pressure, may 
result in passenger and crew discomfort and in susceptible people, in health 
effects. Infants may also be at greater risk for hypoxia under conditions of 
reduced PO,. 

• Although low relative humidity in the aircraft cabin can result in tem¬ 
porary discomfort as a result of the drying of mucous membranes and eye, 
nose, and respiratory tract irritation, symptoms are expected to subside after 
exposure is discontinued. There is no information on the potential for long- or 
short-term adverse effects associated with exposure to low relative humidity. 

• High-altitude flights might result in increased 0-, levels in an aircraft. 
Elevated 0 3 concentrations have been associated with increased respiratory 
symptoms, such as coughing, wheezing, and asthma. 

• Phosphate esters, formaldehyde, other aldehydes, and CO—found in 
engine oil, hydraulic fluids, and their pyrolysis products—may cause respiratory 
and neurological effects, particularly at high concentrations. However, more 
data are needed to establish an association between the presence and concen¬ 
trations of cabin contaminants and potential health effects in passengers and 
crew. 

• Although pyre throid pesticides, used for disinsection on some aircraft, 
have very low toxicity in humans, they can cause adverse effects and are 
recognized as neurotoxins. 

• In passengers and cabin crew who have pre-existing illness—such as 
anemia, asthma, COPD, and coronary arterial disease—the stresses of flight 
could exacerbate symptoms. 
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REC OMMENDATIONS 

• Potential synergistic and interactive effects of exposure in the aircraft 
cabin to reduced barometric pressure, low humidity, Oj, other chemical con¬ 
taminants, and pesticides should be examined. 

• If future research, such as that described in Chapter S, indicates that 
some cabin air contaminants or other environmental characteristics, such as 
relative humidity, pose hazards to the health of passengers or crew, FAA 
should work with other organizations—such as the Occupational Safety and 
Health Administration, EPA, and ACGIH—to establish standards or guidelines 
to regulate them. 
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At the end of its review of health data in the 1986 report The Airliner Cabin 
Environment: Air Quality and Safety, the National Research Council (NRC) 
committee concluded that “available information on the health of crews and 
passengers stems largely from ad hoc epidemiologic studies or case reports of 
specific health outcomes [and] conclusions that can be drawn from the avail¬ 
able data are limited to a great extent by self-selection... and lack of expo¬ 
sure information” (NRC 1986). This chapter reviews data on possible health 
effects of exposure to aircraft cabin air that have emerged since the 1986 
report and the emergence of data resources (e.g., surveillance systems) and 
studies that have particular relevance for the evaluation of potential health 
effects related to aircraft cabin air quality. Selected earlier sources are also 
reviewed. The decision to ban tobacco-smoking on domestic airline flights in 
1987 and on flights into and out of the United States in 1999 reduces the rele¬ 
vance of some studies of exposures and reported signs and symptoms that 
clearly could have been related to the products of tobacco smoke. 

A wide array of symptoms have been attributed to various exposures to 
cabin air as a result of normal aircraft operations orincidents (Table 6-1). The 
symptoms or health effects are grouped into four categories that are intended 
to be descriptive and do not imply mechanisms. The column “Health Out¬ 
comes” identifies outcomes related to chronic exposure, to cabin air, or to 
physiological responses in groups of people who may be at particular risk in the 
cabin of a commercial airliner, such as passengers with underlying cardiac or 
pulmonary disease. Most of the symptoms listed in the first three categories 
have been reported primarily by cabin crews. Very few data are available on 
passengers, and their symptoms are primarily drying of mucous membranes. 
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TABLE 6-1 Signs and Symptoms Reported to Be Related to Aircraft Cabin Air 


Reported Signs and Symptoms 


Respiratory and 
Mucosal Surfaces 

Irritation, pain (eyes, 
nose, sinuses, throat) 
Difficulty breathing 
Breathing discomfort 
Pain in chest 
Coughing 
Dry, stuffy nose 


Neurological and 
Neurobehavioral 

Neurotoxicity (altered 
vision and coordination, 
. loss of balance, slurred 
speech, paresthesias) 
Neurobehavioral 
(impaired memory and 
ability to concentrate, 
trouble counting, 
general cognitive 
problems) 

Headache 
Disorientation and 
confusion 
Lighthcadedness 
Dizziness 

Weakness and fatigue 
Feelings of intoxication 


Syndrome-Symptom 

Complexes 

A urotoxic syndrome 
Irritability, neurotoxicity, 
chemical sensitivity 
Acute intoxications 
Neurological signs and 
symptoms, neurobehavioral 
effects, cardiovascular 
effects, gastrointestinal 
symptoms 
Chemical sensitivity 

Ozone-related 
Cough, chest discomfort, 
irritation of mucous 
membranes 

Qrganophosphaie-indticed 
delayed neuropathy 
syndrome 

Delayed-onset weakness, 
ataxia, paralysis _ 


Other Symptoms Health Outcomes 
Dry skin Reproductive effects 

Rapid heart rate Cancer (unrelated to cosmic 

and palpitations radiation) 

Lung function effects 
Signs and symptoms related to 
underlying disease or episodes 
of worsening underlying 
diseases (cardiovascular, 
chronic respiratory) 

Signs and symptoms related to 
cabin pressure and oxygen 
content 

Acute infections (1979 
influenza outbreak, 
tuberculosis) 

Immunosuppression 
Hair loss 


£ 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 
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The sources of the various reports or symptoms can be grouped into two 
broad categories (Table 6-2): various types of systematic presentations, only 
a few of which represent formal studies, and selected written documents that 
have not been peer-reviewedand published. Most of the reports of symptoms 
come from collections of case reports abstracted from various reporting sys¬ 
tems for cabin and cockpit crew members, usually in relation to known or 
suspected incidents. This chapter begins with a discussion of the systematic 
studies that have been c onducted, inc hiding those on specific exposure condi¬ 
tions (e.g., pesticides, infectious agents, and cabin pressure). Thatis followed 
by a brief review of other sources of health information. Finally, the current 
health-related data collection systems are reviewed. 


STUDIES OF AIRCRAFT CABIN AIR QUALITY 

Relatively few formal studies have evaluated the effects on passengers 
and cabin crew of exposure to aircraft cabin air during routine flights or during 
flight-related ajr-quality incidents. 


General Air-Quality Surveys 

Although the data were available to the 1 986 NRC committee, the report 
of Tashkin et al. (1983) is reviewed briefly here because it has been quoted 
often in more recent publications and testimony (e. g., Australian Senate Rural 
and Regional Affairs and Transport References Committee 1 999), The au¬ 
thors analyzed survey data collected by a flight attendants union in response 
to complaints of various respiratory symptoms among attendants who flew on 
the Boeing 747SP. Attendants were concerned that the aircraft flew at high 
altitudes and that increased exposure to ozone (0 3 ) was therefore possible. 
0 3 concentrations as high as 1.09 ppm had been measured in the cabins of 
747SPaircraftonotheroccasions(TashkinetaI. 1983). The authors acknowl¬ 
edged that they did not have a role in the survey design and that considerable 
methodological problems existed, including the following: 

1. The response rate of the surveys was inadequate.. Only 55.1% (248 
of 450) of the original surveys distributed to attendants who flew on the 
747SPs were returned. An attempt to obtain “control” data from cabin crew 
who flew on other 747s led to a response rate of only 15.3% (38 of 248). A 
third survey had a response rate of 7,6% (65 of 850). 
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TABLE 6-2 Sources of Data on Health Outcomes Attributed to Exposure 
to Aircraft Cabin Air ___ 

Planned Studies, Systematic Reviews of Records, and Presentations at 
Conferences 

Respiratory Symptoms of Flight Attendants During High-Aftitude Flight, Tashkin et 
al. (1983) 

— Analysis of survey conducted by flight attendant union in response to 
concerns about 0 3 exposure. 

— Response frequencies to surveys ranged from 7.6% to 55%. 

— No direct measurements of exposure. 

Flight Attendant Health Survey, Cone and Cameron (1984) 

— Flights from San Francisco to Honolulu. 

— Monitored ozone, nitrogen oxides, sulfur dioxide, phosphoric acid esters. 

— Surveyed crew for symptoms. 

— 95% response frequency (683/720), but total eligible not given. 

Air Quality on Commercial Aircraft, Pierce et al. (1999) 

— Cabin air monitoring of 8 Boeing 777s; comfort survey included. 

— No sampling plan (930 (43%) of passengers; 27 (26%) of flight attendants). 
American Society of Heating, Refrigerating and Air-Conditioning Engineers 
(ASHRAE) Project 957-RP, ASHRAE/CSS (1999) 

— Systematic monitoring of environment of Boeing 777 with recirculation and 0 3 
convener. 

— Passenger and crew comfort questionnaire; 930 (43%) passengers and 27 
(26%) of cabin crew completed survey. 

— Appendix contains literature review with references to small planned studies 
related to physiology. 

0 3 and Relative Humidity on Airline Cabins on Polar Routes, De Ree et al. (2000) 

— Comparison of ozone-related symptoms in crew of planes with and without 0 3 

catalytic Converters. 

— 0 3 and relative humidity measurements. 

— Variable response rates from pilots (79-94%) and cabin crew (66-71%). 

— Non systematic survey of passengers. 

— Weak statistical analysis. 

Questionnaire Survey to Evaluate the Health and Comfort of Cabin Crew, Lee et al. 
(2000) 

— Nonsystematic sampling of cabin crew on Cathay Pacific flights. 

— Number eligible and response rate not reported. 

Passenger Comfort and the Effect of Air Quality, Rankin et al. (2000) 

— Seif-administered survey of passengers on six types of aircraft with air 
recirculation of 0 to 50%. 

— Only 43% response rate (3,630/8,517). 
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Smoke/fumes in the Cockpit, Rayman and McNaughton (1983) 

— Review' of 89 incidents of smoke and fumes in cockpit in U.S. Air Force 
aircraft. 

— Apparent complete ascertainment. 

Air Quality and Health Effects Associated with the Operation of BAe 146*200 

Aircraft, van Netten (1998) 

— Review of clinical assessments and accident reports over 4 mo filled out by 
crew on two BAe 146-200 that had experienced oil-seal failures. 

— Completeness of data unknown. 

Aerotoxte Syndrome, Winder and Balouet (2000a) 

— Published presentation at Proceedings of the International Congress on 
Occupational Health, Brisbane, 2000, 

— Summary of "aerotoxte syndrome.” 

— No primary data or references. 

In-Cabin Trace Chemicals and Crew Health Issues, Balouet (1998); Airborne 

Chemicals in Aircraft Cabins, Balouet and Winder (2000a) 

— Data based on 350 selected reports of symptoms supposedly related to 
documented leak events. 

— No details on methods for selection of reports or documentation of leaks and 
exposure. 

— Cites common words to describe symptoms from diverse and unrelated 
incidence episodes in support of constellation of symptoms. 

— Citation of impending investigations as implicit evidence of problem. 

— “Aerotoxte syndrome.” 

Outbreak of Influenza Aboard a Commercial Airliner, Moser et al, (1979) 

— 72% of passengers at risk became ill. 

— Flight was grounded for over 3 h and air-conditioning system was 
inoperative. 

Outbreak of Influenza A/Taiwan/l/8d Infections at a Naval Base and Association 

with Airplane Travel, Klontz et al. (1989) 

— Influenza among 114-member squadron within 72 h after flights from Puerto 
Rico to Key West, Florida. 

— Evidence of transmission of influenza was occurring before flights, 

Imported Measles in the United States, Amleret al. (1982) 

— Three cases of measles in children on flight from Venezuela to Miami, Florida 
(one child had prodromal symptoms during the flight). 

— No information on relationships between children, their proximity, or contact 
before, during, or after flight; two secondary cases could have been infected 
before flight. 

Surveillance Report of Measles Transmission in an Airport, CDC (1983) 

— One person appeared to infect one passenger on same flight and five others 
within airport. 

(Continued) 
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Measles Outbreak on Flight from New York to Tel Aviv, Slater et al. (1995) 

— 8 of 306 passengers developed measles. 

— No information on location of passengers in aircraft. 

— Waiting area was congested, and loaded plane was grounded for 2 h for 
repairs. 

Tuberculosis Transmission on a Flight from London to Minneapolis, Minnesota, 

McFarland et al. (1993) 

— Contact investigation for passenger with pulmonary tuberculosis. 

— Alternative explanations could be found for all cases with positive skin tests. 

Tuberculosis Transmission among Flight Crew, Driver et al. (1994) 

— Flight attendant flew for 6 mo while symptomatic. 

— Crew member? on same flights as infected attendant were compared with 
control group of crew on other flights. 

— Greater prevalence of positive skin tests among crew that had contact with 
infected attendant. 

Tuberculosis Transmission on Airline Flights, Kenyon et al. (1996) 

— Symptomatic passenger flew on four flights; other passengers and crew were 
investigated. 

— Greatest number of positive skin tests were found on fourth flight. 

— Six passengers that had no other risk factors were seated in same section as 

infected person. 

Tuberculosis Transmission on Airline Flights, Miller et al. (1996) 

— Contact investigation of passengers and crew from two flights with 
passenger who-had pulmonary tuberculosis. 

—- Data not available on 35% of potential contacts. 

— Two people with positive skin test (and no other nsk factors) did not sit near 
or have contact with infected passenger. 

Tuberculosis Transmission on Airline Flights, Moore et at. (1996) 

— Infected person flew on two short flights (about 1 h). 

— Contact investigation of passengers and crew. 

— Data available on only 53% of potential contacts. 

Tuberculosis Transmission on a Flight, Wang (2000) 

— Contact investigation of passengers and cTew on flight with infected 

passenger. 

— Three subjects with skin-test conversions were not seated in same section as 
infected passenger. 

In-flight Arterial Saturation in Pilots, Cottrell et al. (1995) 

— Oxygen saturation was measured with continuous-reading pulse oximeters 
during flights of about 4 h. 

In-flight Arterial Saturation in Subjects with Chronic Obstructive Lung Disease, 

Schwartz et al. (1984) 
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— Measurements taken in unpressurized aircraft cabin before and during flight. 
Arterial Saturation in Subjects with Chronic Obstructive Lung Disease, Dillard et al. 
(1989), Naughton et al. (1995) 

— Simulation performed in hypobaric chamber. 

Air Travel in Patients with Chronic Obstructive Lung Disease, Dillard et al. (1991) 

— 44 of 100 subjects reported traveling by air within previous 2 yr. 

— 8 subjects reported symptoms. 

Oxygen Saturation in Cabin Crew, Ross (2001) 

— “Spot" measurements were taken penodically with pulse oximeters. 

— No data on saturations related to cabin altitude and work activities of crew. 


Testimony to Various Committees and Unpublished Summaries 

Commonwealth of Australia Proof Committee Hansard Senate—Air Safety—BAe 146 
Cabin Air Quality, Senate Rural and Regional Affairs and Transport References 
Committee (1999) 

— Case-report testimony based on exposures to smoke, mist, fumes. 

— “Old socks” odors. 

— .Association between odors and shott-temr irritation of mucous membranes, 
nausea, shortness of breath. 

Case Study of “Cabin Crew Syndrome” Presented to ASHRAE Aviation 
Subcommittee, Wright and Clarke (1999) 

— Suggestion, but no documentation, of an incident (sweet smell). 

— Single case with multiple signs and symptoms over many months. 

Inference based on toxicology of organophosphates. 

Association of Flight Attendants (AFA) Reports of Health Effects Related to 
Exposure to Insecticide Spraying, Witkowski (1999); Cone and Das (2001) 

— Sample of cases submitted by AFA. 

— Lists of disability claims. 

Unreferenced Reports on Symptoms and Symptom Complexes by Balouet and 
Colleagues 

— Description of “aerotoxic syndrome” (Balouet and Winder 1999). 

— Anecdotal presentation of symptom complex. 

- No exposure data. 

- No information on how subject data were obtained. 

. - Presentation of case studies. 

— Report on symptoms associated with “exposure" to chemicals in aircraft 
(Balouet and Winder 2000b). 

- Apparent tabulation of data from several databases to which reports are 
filed 

- No information on techniques for selection of data. 

— N'o information on quality of data reports. 
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2 . No 0 3 concentrations were measured On any flight For which survey 
data were available. 

3. The association with possible 0 3 exposure during flight was based on 
the subjective assessment ofthree experts who decided which reported symp¬ 
toms were most likely due to 0 3 exposure. The only obj ecti ve measurements 
were of pulmonary function in 21 attendants (no criteria for selection given). 
All results were normal. 


The possibility of selection bias in the study means that the results cannot 
be interpreted as supporting or refuting the relation of symptoms to 0 3 expo¬ 
sure on high-altitude flights. Moreover, many of the symptoms considered 
“definitely” or “probably” related to 0 3 exposure are nonspecific and prevent 
use of the study as an assessment tool for estimating effects of 0 , exposure. 

The Occupational Health Clinic of San Francisco General Hospital was 
commissioned by the AFA and American Airlines to conduct a study of the 
cause of symptoms reported by flight crews on flights between San Francisco 
and Honolulu in association with an odor described as that of “dirty socks” 
(Cone and Cameron 1984). Three types of aircraft—Boeing 747,DC-10-10, 
and DC10-30—were evaluated. Questionnaires were distributed to crew 
members. A wide array of symptoms were reported more frequently on the 
B747 and the DC-10-10 (eye, nose, throat, and sinus irritation; dry or watery 
eyes; shortness of breath; dizziness; and lightheadedness). Symptoms of eye, 
nose, and sinus irritation; headache; and chest symptoms (burning, difficulty in 
breathing, and cough) were reported more frequently when odors were noted. 
Of the agents monitored—O,, nitrogen oxides, sulfur dioxide, and phosphoric 
acid esters-- -only episodic increases in nitrogen oxides were observed, and 
association with odor was reported only on one occasion. No other exposure 
data were related to symptoms. The authors concluded that there was evi¬ 
dence of exposure to a “powerful mucous membrane irritant” whose etiology 
could not be determined from the study. They speculated that vaporization and 
pyrolysis products of aircraft fluids were a possible cause. Although a high 
response rate was reported (95%, 683 of 720), the total number of eligible 
crew members was not provided, nor were any data provided on the relation 
of chronic respiratory symptoms to smoking (32% were current smokers) or 
allergy (36% had unspecified allergy). The statistical analysis did not take into 
account crew differences in the factors that could have contributed to the 
results. 

The ASHRAE commissioned a study to monitor the cabin air of Boeing 
777s (Pierce et al. 1999). A cabin-comfort survey administered to passengers 
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and cabin crew had a number of components, one of which related specifically 
to symptoms. For virtually every symptom, cabin crews were more likely to 
report the ptesence of a symptom and greater severity than passengers (Table 
6-3). The study has several serious problems that make it difficult to interpret 
the data. The response rates of passengers and crew were very low (Table 
6-2). Tire percentages for the reported symptoms do not add to 100% (Table 
6-3), so it is difficult to know what is being reported. Finally, no formal analy¬ 
sis links the environmental measurements with the symptom reports. 

In response to complaints from cabin and cockpit crews of a variety of 
symptoms thought to be related to O, exposure, DeRee and colleagues (2000) 
carried out a monitoring and symptom Study in two European airlines. The 
planes of airline A were fitted with 0 3 converters but lacked humidifiers; 
airline B had humidifiers but no 0 3 converters. 0 3 and relative-humidity mea¬ 
surements were made on the flight deck. Symptom questionnaires were com¬ 
pleted by flight and cabin crew at the beginning and end of 24 polar flights (12 
flights per airline) monitored in Febiuary-May 1998. Cabin crews were “en¬ 
couraged” to record symptoms reported by passengers, but no systematic 
surveillance was conducted. Background information on smoking and upper 
respiratory symptoms was obtained. Participation rates of cabin crews were 
71 % (18 7) on airline A and 66% (222) on airline B. Mean 0 3 concentrations 
during cruise on airlines A and B were 2 40 and 43-177 ppb (not stated if sea- 


TABLE 6-3 Report of Selected Symptoms by Passengers and Cabin 
Crew 



Passengers (n = 

930)* 

Cabin Crew (n = 

27)* 

Symptoms 

Great 

Extent 

Some¬ 

what 

Not At 

Al! 

Great 

Extent 

Some¬ 

what 

Not At 

All 

Dry, itchy, ot irritated 
eyes 

7.3 

17.3 

33 0 

22.2 

37.0 

3.7 

Dry, stuffy nose 

9.7 

19.9 

30.5 

29.6 

37.0 

7.4 

Sore, dry throat 

4.8 

12.8 

37.0 

11.1 

33.3 

22.2 

Shortness of breath 

0.9 

3.8 

45.3 

3.7 

22.2 

37.0 

Sinus pain 

2.9 

7.3 

41.9 

IS.5 

7.5 

44.4 

Skin dryness or 
irritation 

4.4 

10.5 

38.4 

37.0 

33.3 

0.0 


4 Percentages do not add to 100% for each symptom and no explanation given in Pierce 
et al. (1999) or ASHRAE/CSS (1999). 

Source: Adapted from Pierce et al. (1999). 
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level equivalent), respectively. Mean relative humidity was 8-12% and 5-28% 
on airlines A and B, respectively. Of the 16 symptoms included in the ques¬ 
tionnaire, four were considered to be 0,-related (coughing, tightness of the 
chest, shortness of breath, and “breathing hurts”). Symptoms were reported 
equally by cabin crew of the two airlines before flight (68%) and similarly after 
flight (A, 95%; B, 91%). Symptom reporting was also similar in percentages 
of cabin-crew members who reported worsening (about 3 0%) and improve¬ 
ment in preflight O ,-related symptoms. Similar findings were observed for 
aggregate nonspecific symptoms (e.g., headache and watery and stinging 
eyes); however, no data are provided on symptoms specifically related to 
mucosa irritation. No correlation (Pearson product-moment) was observed for 
changes in 0 3 -rclated or nonspecific symptoms and measured 0 3 concentra¬ 
tions (it was not stated which 0 3 metric was used—mean or maximum) on 
airline A; weak, statistically nonsignificant correlations were observed for 0 3 - 
related (0.18) and nonspecific (0.21) symptoms on airline B. The authors 
concluded that there was “not a straightforward relationship between 0 3 levels 
and relative humidity on the one hand and reported symptoms on the other.”' 
Although the study had a reasonable design, the presentation of the data is 
prob lematic. The assumption that the four symptoms were 0 3 -reIated was not 
unreasonable, given findings from controlled human exposure in environmental 
chambers (Folinsbee et ai. 1988, 1994). However, those symptoms are not 
specific forOj exposure. No data are provided on the specific symptoms, and 
the basic data analysis is weak. The use of Pearson correlations probably is 
not j ustified, given the distributional characteristics of the symptom data (bino¬ 
mial). Other analytic strategies, such as logistic regression, would have been 
more appropriate and could have been used to evaluate symptom response in 
relation to O,, relative humidity, smoking, and preflight medical conditions. 
Moreover, that there were so few measurements of independent 0 3 and 
relative humidity’ gave the study relatively little precision in estimatinghealth 
effects related to O,. 

A survey of symptoms among 185 cabin-crew members of an Asian 
airline was carried out from September 1996 to March 1997 (Lee et al. 2000). 
The number of crew members eligible to participate and the method of flight 
selection are not provided, although the authors state that the survey was “com¬ 
pulsory.” Various mucosal, respiratory and nonspecific symptoms (e.g., head¬ 
ache and faintness) were evaluated. Air quality (carbon dioxide, relative 
humidity, temperature, noise level, PM lt „ and carbon monoxide [CO]) was 
monitored on all flights on which questionnaires were distributed. The monitor¬ 
ing instruments were placed in the center of the economy class, but the details 
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of the monitoring protocol are not provided. Flights were 1.5-18 h long, and 
smoking was permitted. The results are presented in terms of acceptability 
ratings of various components of air quality and health symptoms; no formal 
analysis plan is provided. Table 6-4 summarizes the reported symptoms. Over 
50% of the crew members reported at least one symptom of skin or mucosal 
irritation during the flight. No data are reported on any of the following; the 
relationship between monitoring data and reports of symptoms or ratings of air- 
quality acceptability, the presence of and relationship between preflight symp¬ 
toms and symptoms experienced during flight, the relationship between flight 
duration and symptoms, and the relationship between the amount of smoking 
on each flight and the reports of symptoms. 

A survey of passenger comfort and cabin air quality on standard and wide- 
body aircraft with and without recirculated air was carried out by an aircraft 
manufacturer (Rankin et al. 2000). A series ofheafth-related questions were 
included in the survey. Self-administered questionnaires were completed by 
3,630 passengers (43% of 8,517 distributed) on71 flights in March, April, and 
June 1997. Of the questionnaires completed, 57% were from flights of 2-3 
h, 32% from flights of 6-7 h, and 11% from flights of 10-12 h. The contribution 
of the flight to the presence of symptoms was rated on a scale of 1 (great 
extent) to 7 (not at all). Figure 6-1 summarizes the data. Overall health before 
the flight (no data given on responses and on the format of the variable) was 
most closely correlated with overall health during the flight (R = 0.80; type of 
correlation coefficient not specified). A regression analysis showed that only 


TABLE 6-4 Frequency of Symptoms Reported by Cabin Crew 


Symptoms 

None to Mild, % 

Moderate to 
Severe, % 

Dry, stuffy nose 

26 

74 

Irritation, dryness, itchiness in eyes 

36 

64 

Dry, sure throat 

41 

59 

Dry, irritated skin 

43 

57 

Stomach discomfort (indigestion, gas) 

57 

43 

Ear problems 

66 

34 

Dizziness, faintness, lightheadedness 

67 

33 

Headache 

68 

32 

Nausea, motion sickness 

71 

29 

Shortness of breath 

73 

27 


Source: Adapted from Lee et ai. (2000). 
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FIGURE 6-1 Average ratings ofheaith-related symptoms. Source: Rankin et al. 2000. 
Reprinted with permission by American Society for Testing and Materials, copyright 
2000 . 


five factors (health before trip; eye irritation and dryness; back, muscle, and 
joint pain; headache; and skin dryness and irritation) were related to “overall 
health,” most of the variance being associated with health status before the 
trip. One of the standard-body planes evaluated used 100% bleed air for 
ventilation, and two used 50% and 30% recirculated air. The results are sum¬ 
marized in Table 6-5. For all symptoms but one, the ratings for symptoms 
were slightly more favorable (fewer cases) for the plane with 100% bleed air 
(no recirculation). However, the differences might not be meaningful and 
might be explained by the slightly better rating for “health before flight” given 
by passengers on the planes with no recirculated air. Overall health ratings 
tended to decrease with increasing flight duration. For all health variables, 
ratings were lower for flights of 6-7 h than those of 2-3 h. For most symp¬ 
toms, there was a further decrement for flights of 10-12 h. The lowest ratings 
occurred for mucosal and skin symptoms. Although this study is large and 
relatively comprehensive in its presentation of the data, there is a possibility of 
substantial bias due to a participation frequency of less than 50%. Moreover, 
the validity of some of the analytic techniques (e.g., the regression analysis 
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TABLE 6-5 Average Passenger Ratings of Selected Symptoms in 
Relation to Percentage of Recirculated Air on Standard-Body Aircraft 



Percentage Recirculation* 


0% (n = 235) 

30% (n= 515) 

50% (n = 423) 

Dry, irritated, itchy eyes 

5.49 

5.16 

5.18 

Dry, stuffy nose 

5.19 

4.85 

4.85 

Sore, dry throat 

5.84 

5.64 

5.67 

Dry, irritated skin 

5.99 

5. S3 

5.71 

Shortness of breath 

6.56 

6.38 

6.42 

Dizziness, faintness 

6.54 

6.39 

6.43 

Sinus pain 

6.13 

6.05 

6.03 

Health before flight 

6.31 

6.15 

6.27 

Health during flight 

6.21 

6.08 

6.12 


* Scores based on the extent to which flight contributed to symptoms: I = “to a great 
extent,” 7 = “not at all.” 

Source: Adapted from Rankin et at. (2000). 


cited previously) is questionable, given the type of data reported. It would 
have been useful to provide the percentages of passengers who reported no 
individual symptoms andno symptoms. Nonetheless, the study results show 
the need to consider the pre-existing health of passengers in any survey of 
health-related symptoms during flight. 

Two reports specifically tried to relate symptoms to smoke or fume expo¬ 
sures in the aircraft. Rayman and McNaughton (1983) evaluated 89 reported 
incidents of smoke and fumes in the cockpits of military aircraft in 1970-1980. 
Multiple causes of the fumes or smoke were identified. Most symptoms were 
related to the central nervous system, the most common being dizziness (42 of 
89) 1 ; irritated eyes and mucous membranes (31 of 89); nausea and vomiting 
(31 of 89); confusion, disorientation, andperformance decrement (23 of 89); 
headache (22 of 89); and decreased visual acuity (10 of 89). Chest pain, 
respiratory distress, and cough were reported in six or fewer instances. Al¬ 
though this report provides data that are complete with respect to frequency 
of occurrence of incidents, no information isprovided on the extent to which 
the reports of symptoms were obtained by standardized methods or on the 
duration of the exposures; nor were objective exposure measures mentioned. 


‘Percentages are not given because it Is not clear whether the denominator icfers 
to events or persons. 
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In 1998, vanNetten summarized accident reports and clinical assessments 
ofcomplaintsofill health from flight crews who flew on the British Airways 
BAe 146 aircraft. The reports were collected over 4 mo. This aircraft had 
experienced episodes of oil-seal failures. Exposures were measured during 
flight and under test conditions on aircraft that had experienced such leaks. 
Of the 200 crew members at risk, 112 (56%) from five aircraft (35 flights 
each) reported symptoms. The most frequently reported symptoms were 
headache (25.9%), burning eyes (24.1%), burning throat (42.9%), and disorien¬ 
tation (14.3 %). Lower respiratory complaints were reported by less than 3% 
of crew members. Paresthesias were reported in five instances. Carboxy- 
hemoglobin measurements obtained 4 h after an incident in four subjects (crite¬ 
ria for selection not given) were 2% or less (the highest value was observed 
in a smoker). The author reported that all symptoms abated in 24 h, and no 
chronic symptoms were reported. However, the duration of followup and the 
occurrence of a systematic survey of chronic symptoms were not reported. 
This Study has the clear advantage of having measured exposure on aircraft 
implicated in the occurrence of symptoms in crew members. Although symp¬ 
tom reports coincided with oil leaks, the specific agents responsible, the rela¬ 
tionship between duration of exposure and symptoms, and the relationship 
between specific symptoms and locations and activities on the aircraft cannot 
be ascertained from the data. Test flights and sampling with one aircraft on 
the tarmac with engines running (both aircraft had been implicated in incidents 
with odors and symptoms in crew) identified a variety of volatile organic com¬ 
pounds, a “distinct oil odor,” and CO concentrations of 1 -2 ppm (a single read¬ 
ing was 3 ppm). No crew members were present during the testing, and 
specific symptoms previously reported by the crew could not be related to 
compounds identified in the analyses. 


The “Aerotoxic Syndrome” 

Balouet and Winder have argued in a series of documents for the exis¬ 
tence of a stereotypical symptom complex, “aerotoxic syndrome,” which at¬ 
tends exposure of cabin crew to hydraulic fluids, engine oil, and their pyrolysis 
products (Balouet 1998; Balouet and Winder 1999, 2000a,b; Winder and 
Balouet 2000b). Their papers repeat many data, so the committee’s evaluation 
of them focuses on the one document (Balouet and Winder 2000b) that has the 
clearest presentation of the authors’ contention that such a syndrome exists. 
The authors argue that in-cabin leaks, smoke, and fume events could expose 


PM3006449162 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 




The Airliner Cabin Environment and the Health of Passenger? and Crew 

ht$J$ft^nap.cdn/opcnh(xikrt)31MW2bV7/html/237.htTOl. eopyriphl 2W)2, 21)1)1 The National Academy of Sciences, all rights reserved 


Health Surveillance 237 

up to 40,000 passengers and crews worldwide each year, although the commit¬ 
tee was unable to verify the source for this assertion. 

Support for the existence of the syndrome is derived from the work of 
Rayman and McNaughton (1983), Tashkin et al. (1983), and Van Nettsn 
(1998), which is evaluated above. Balouet and Winder (2000b) state that there 
“are common themes in symptom clusters in these studies.” However, that 
claim does not appear to be supported by the data presented. For example, of 
the three most common symptoms (eye irritation, pain on deep breathing, and 
shortness of breath) in Tashkin et al. (i 983) (the largest of the three studies), 
at least two are not reported in either of the other two studies. In fact, only 
three symptoms (headache, sinus congestion, and nausea) are reported in all 
three studies, and there is rather little agreement on their prevalence Six ease 
studies are also cited; however, the committee found it difficult to interpret 
them, given the lack of selection criteria, the sources of the material used in the 
case summaries, and the incomplete and qualitative nature of the summaries. 

Thus, the committee concludes that evidence does not warrant the desig¬ 
nation of a specific syndrome related to exposure to various physical agents 
(e.g., mists and smoke) and decomposition products derived from leaks of 
engine oil and hydraulic fluids. The committee recommends that until such 
information is available, the designation “aerotoxic syndrome” not be used for 
symptoms reported in coincidence with cabin air contamination. 


Disinsection Studies 

The details of current disinsection practices and the attendant toxicology 
are discussed in Chapters 3 and 5, respectively. The committee evaluated a 
report prepared by the California Department of Health Services Occupational 
Health Branch, 2 which reviewed reports from over 100 flights to Australia 
from January 1990 to September 2000- The symptoms reported by flight 
attendants were headache, sore throat, skin rash, nausea, runny nose, eye 
burning, difficulty in breathing, cough, dizziness, shortness ofbreath, and sinus 
problems. The total pool of at-risk flight attendants who could have made a 
report was not provided. The report noted an increase in the report of symp¬ 
toms over the 10-yr period and particularly in2000. The authors considered 


2 Presented to the committee as part of a public-access document submitted by 
AFA. The report was prepared by James Cone and Ruppa Das in response to a July 
2000 request by AFA. The report was submitted in March 2001. 
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the increase in reporting to be due to increased awareness rather than in¬ 
creased risk. In particular, the July 2000 release of a specific health-problem 
reporting form by AFA was noted. Although the report acknowledged that 
disinsection was not a desirable practice, no data were provided on the risks 
posed by various types and frequencies of exposure. 


Transmission of Infections Agents 

There is evidence that the environment of an aircraft cabin does not con¬ 
tain higher concentrations of microorganisms than do comparable public envi¬ 
ronments (see Chapter 4, Table 4-2). However, concerns persist that trans¬ 
mission of infectious agents is a potential hazard associated with travel in 
commercial aircraft, especially in aircraft that recirculate a portion of the cabin 
air (see Chapter 4 for more complete discussion). Reports of transmission of 
influenza and measles viruses and Mycobacterium tuberculosis during flights 
of commercial airlines have fueled the concern. Careful evaluation of the 
published studies suggests that even in those cases the perception of risk may 
have been overemphasized. 

Influenza Virus 

Two reports serve as the primary sources of data on transmission of influ¬ 
enza virus. Moser et al. (1979) reported transmission of influenza virus during 
a 1977 flight from Homer to Anchorage, Alaska. The circumstances sur¬ 
rounding the flight were unusual: passengers were on the grounded plane for 
over 3 h, during which the air-conditioning system was inoperative because of 
an engine failure. Of the 53 passengers at risk, 38 (72%) became ill, and the 
risk of illness increased with time spent on the grounded aircraft. The risk of 
transmission probably was not different from that occurring in otherrelatively 
confined spaces with poor ventilation and contact between people. This study 
is not useful for risk assessment associated with normal flight circumstances. 
Although the study points out the need to maintain adequate ventilation during 
conditions of prolonged passenger time on grounded aircraft, it also indicates 
that contact between passengers, if they are moving around in the grounded 
plane as in this case, makes viral transmission quite likely. 

A study (Klontz et al. 1989) of a squadron of 114 U.S. naval personnel 
who developed influenza within 72 h of a 1986 flight from Puerto Rico to Key 
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West, Florida, also suggests transmission of influenza vims in aircraft. Careful 
evaluation of the data presented indicates that extensive transmission of influ¬ 
enza was taking place in the squadron before the time of the flight. Because 
many cases were identified in the first 24 h after the flight, transmission was 
as likely to be a coincidental result of exposure before boarding as a result of 
exposure during the flight. Consequently, the results of the study are of little 
use for risk assessment. 

Those two studies do not constitute an adequate database from which to 
determine whether the risk of transmission of influenza vims is heightened in 
the aircraft cabin environment relative to other closed environmental spaces 
under conditions ofnormal or abnormal operation of the environmental control 
systems (ECSs). 


Measles Virus 

The evidence is weak that the commercial aircraft cabin constitutes an 
environment for enhanced transmission of measles virus. A 1982 review by 
the Centers for Disease Control and Prevention (CDC) of cases of measles 
imported into the United States (Amler et al. 1982) identified a single instance 
in which three children who traveled from Venezuela to Miami, Florida, had 
measles. One had measles prodromal symptoms on the plane, and the other 
two developed measles rash within 14 d of the flight. No data were provided 
on the relationships of the children, their proximity, or contact before, during, 
or after the flight. Because the measles rash usually follows the clinical onset 
of disease by several days (Slater et al. 1995), the two children with “second¬ 
ary” cases could have been infected before the time of the flight. 

A 1983 surveillance report by CDC(1983) identified a U-S. naval officer 
who infected nine people with measles. One of the secondary cases was in 
a passenger on the same flight from Seattle to San Diego as the officer. No 
details were given about the proximity of that passenger to the officer on the 
plane or while passengers were in the airport waiting for the departure of the 
flight. Five of the other patients with secondary cases who were not on the 
same flight as the officer had “visited at least one of the three departure gates 
visited by the officer that day.” Thus, it is possible that the infected fellow 
passenger was also infected in the airport. 

Slater et al. (1995) described an outbreak ofeight cases of measles among 
360 passengers on a 1994 flight from New York to Tel Aviv, Israel. The 
source case was not identified. The authors noted that the waiting area for the 
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flight was so crowded that airport personnel permitted access to the area only 
to passengers. In addition, the loaded plane was delayed on the ground for 2 
h for repairs, during which time the air-conditioning was not working. Thus, 
some of the secondary infections could have taken place before people board¬ 
ed the aircraft. Additional transmission could have been facilitated by the 
conditions of poor ventilation on the aircraft. No data were provided on the 
proximity of the seating of passengers or on their contact with each other while 
the aircraft was grounded for repairs. 

Those data are of little value in the assessment of the risk of measles 
transmission on a commercial aircraft, and they do not provide definitive evi¬ 
dence of transmission on the aircraft. 


Mycobacterium tuberculosis 

A number of published studies have evaluated the risk of transmission of 
Mycobacterium tuberculosis on commercial flights. Several of those were 
summarized in a 1995 CDC report (CDC 1995). This report will not be dis¬ 
cussed; rather, the individual investigations will be presented chronologically. 

The Minnesota Department of Health reported (in a letter) a contact 
investigation ofapersonwho had smear-positive cavitary-pulmonary tubercu¬ 
losis and who traveled on a 1992 flight from London to Minneapolis, Minnesota 
(McFarland etal. 1993). Ofthe343 people on the flight, contact was success¬ 
ful for only 59 (61%) of the 97 U.S. citizens and 55 (22%) of the 246 non¬ 
citizens. The authors could find alternative explanations for all the persons 
reported to have positive skin tests forM tuberculosis and concluded that 
there was no evidence of transmission on the flight. With so many data miss¬ 
ing, it is difficult to accept this conclusion without reservation. 

In 1994, CDC reported the results of an investigation of the work contacts 
of a flight attendant who had a diagnosis of pulmonary tuberculosis in Novem¬ 
ber 1992 and who had flown in May-October 1992 while she was symptomatic 
(Driver et al. 1994). All crew members (274) who flew with the attendant 
while she was symptomatic were contacted and evaluated by skin test and 
questionnaire. A group of flight-crew members (355) who had not flown with 
the attendant was used to compare the prevalence of positive tuberculin skin 
tests with tests of the exposed contacts. There was a significantly greater 
prevalence of positive skin tests in the contacts of the index case, especially 
in crew members who flew with the attendant during August-October 1992. 
The prevalence of apparent exposure increased with the number of hours of 
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flight time that a crew member shared with the attendant. During that later 
period, contacts had about 2.3 h of flight time for each hour of ground time 
with the attendant. Although it is clear that the contacts of the attendant had 
an increased risk of infection with M. tuberculosis, the data do not provide 
any useful information for risk assessment of cabin air. M. tuberculosis is 
known to be spread by prolonged personal contact between infected and sus¬ 
ceptible people. The fact that such contact took place to a great extent in an 
aircraft cabin does not permit any conclusion about the aircraft environment 
to transmission risk. Moreover, crew members often share rooms during 
layovers and that also provides close contact. No data were provided on the 
relationship between room-sharing and the prevalence of positive skin tests. 
Therefore, the data in this paper are of little use for risk assessment. 

One of the most frequently cited studies with regard to transmission of M 
tuberculosis on commercial aircraft is that of Kenyon and colleagues (Kenyon 
et al. 1996). Their study reports an investigation of passenger and crew con¬ 
tacts of a Korean woman who fiew on four flights while symptomatic and who 
died with extensive pulmonary tuberculosis shortly after the last flight (a Boe¬ 
ing 747-100 with 50% recirculated air). The investigation was limited to LJ .S. 
and Canadian citizens. Skin-test data were available on 87% (802 of925) of 
the contacts, and the final analysis was limited to 82% (760) of the contacts. 
Of the 760, six (0.8%), all from the last of the four flights (2.4% of the con¬ 
tacts on the fourth flight), had skin-test conversions—two were attributed to 
the booster phenomenon, Two of the four subjects with true conversions sat 
within two seats of the woman with tuberculosis, and all the passengers who 
had positive skin tests but no other risk factors or conversion sat within two 
rows of the woman or visited with friends who were sitting near the woman. 
The one crew member with a positive skin test and no risk factors was sta¬ 
tioned in the rear galley near the woman’s seat. This study provides credible 
evidence that transmission took plac e on the fourth flight. However, given the 
proximity of the passengers to the woman (either by seat assignment or by 
time spent during the flight), it cannot be determined whether transmission was 
due to close personal contact or environmental conditions specific to aircraft 
passenger cabins. 

A study reported by Miller et al. (1996) on transmission risk related to a 
passenger with active pulmonary tuberculosis (who flew' from Moscow, Rus¬ 
sia, through Frankfurt, Germany and New York, to Cleveland, Ohio) is not 
informative. Data on 35% ofthe potential contacts were missing. Neitherof 
the two contacts who had positive tuberculin skin tests and no other risk factor 
for tuberculosis sat near or had contact with the index passenger. Thus, al- 
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though transmission of M. tuberculosis to the two passengers couJd have 
occurred, there is no direct evidence that it did. 

A study of contacts of a patient who had highly infectious laryngeal tuber¬ 
culosis and who took two flights of about 1 h each failed to find evidence of 
transmission (Moore et al. 1996). However, data on only 53% of potential 
contacts were available. 

A study of transmission on a Boeing 747-400 flight, which originated in 
Taiwan, was able to evaluate 73% (225 of 308) of the Taiwanese passenger 
and crew contacts of a passenger with tuberculosis (Wang 2000). Three 
subjects, none of whom sat in the same section as the passenger with tubercu¬ 
losis, were considered to have true skin-test conversions on the basis of a 
rigorous protocol that eliminated the possibility of false positives due to the 
booster effect. Although the conversions could have been due to exposure 
during the flight, it should be pointed out that the prevalence of positive tuber¬ 
culin skin tests among the Taiwanese passengers on the flight was 77%. 
Given that high level of infection, it is difficult to eliminate the possibility that 
the conversions were due to exposure unrelated to the flight. 

Of all the studies, the one by Kenyon and colleagues (Kenyon etal. 1996) 
provides the most credible evidence that M. tuberculosis can be transmitted 
during long commercial flights. However, the study provided no data that 
permit an evaluation of the extent to which current designs for the environmen¬ 
tal control systems (ECS) on aircraft contribute to this risk. In fact, the data 
are most consistent with the idea that the ECS added little ornothing to trans¬ 
mission risk. 

Although it is reasonable to assume that infectious agents are transmitted 
during commercial airline flights, it has not been possible to determine conclu¬ 
sively whether transmi ssion is related to close personal contact or environmen- 
tal conditions specific to passenger cabins (see Chapters 2 and 4 for more 
details). The available data are of little use for the evaluation of the perfor¬ 
mance of the ECS with regard to the specific infections discussed above or for 
transmission of infectious agents in general. To improve future investigations 
ofpossible exposure to nationally notifiable diseases (CDC 2001) during air 
travel, physicians should notify local health authorities of patients who recently 
traveled while infectious, and airlines should collect sufficient contact informa¬ 
tion on all passengers to allow them to be notified of possible exposure to an 
infectious person during air travel and the potential need for medical evalua¬ 
tion. 
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Cabin Air Pressure and Health Risks 

Current standards permit pressurization of the cabins of commercial air¬ 
craft up to an equivalent altitude of 2,450 m (about 8,000 ft) under normal 
operating conditions (FAR 25.841). The health concerns associated with 
current cabin pressurization are reviewed in Chapter 5. The 1986 NRC report 
summarized the effects of altitude on partial pressure of oxygen (PO,) and 
recommended that passengers with heart, lung, and middle ear diseases be 
educated about the potential risks of flight. However, that 1986 committee had 
few direct data on the oxygen (OJ saturation that might be expected in pas¬ 
sengers and cabin crew under normal conditions of modem commercial airline 
flight. 

Cottrell and colleagues (1995) used contmuous-Teading pulse oximeters to 
measure 0 2 saturation in 3 8 pilots on 21 flights about 4 h long. Maximal and 
minimal 0 2 saturations were 95-99% (mean, 97%) and 80-93% (mean, 88.6% 
± 2.9%), respectively. Of the subjects, 53% developed an 0 2 saturation of 
less than 90% at some time during the flight (duration below 90% was not 
given). Schwartz etal. (1984) studied subjects with severe chronic obstructive 
pulmonary disease (COPD) (average resting arterial PO,, 68.0 ±7.3 mm Hg) 
during flights at altitudes of 1,650-2,250 m (about 5,400 to 7,400 ft) in unpre s- 
surized aircraft cabins. PO, decreased to an average of 51.0 ± 9.1 mm Hg at 
an altitude of 1,650 m and little further change at 2,250 m. Several simulation 
studies have been carried out in hypobaric chambers with COPD patients and 
healthy subjects (Dillard etal. 1989; Naughton etal. 1995). Declines inP0 2 
were observed in all patients at Test; it fell to below 50 mm Hg in many sub¬ 
jects and was made worse by light exercise. Of 100 COPD patients, 44 re¬ 
ported traveling by air in the 2 yr before the interview (Dillard et al. 1991). 
Eight of the patients reported increased symptoms during flight (no direct 
physiological measurements were availabie), five of these patients experienced 
shortness ofbreatb when walking in the cabin, and two requested supplemental 
O; for their symptoms. 

As part of a study for British Airways, Building Research Establishment 
Ltd. examined the effects of cabin airpressure on 0 2 saturation in cabin crew 
(Ross 2001). Saturation in cabin crew of Boeing 777s and 747s was measured 
with a pulse oximeter. Cabin pressure was measured hourly during flights, and 
oximetry readings in cabin crews were “instantaneous spot measurements.” 
On each of 16 flights, 10-15 crew members were studied. Cabin altitudes 
were 1,585-2,286 m(5,200-7,500 ft). Symptom questionnaires weredistrib- 
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uted. Ross (2001) reported that 0, saturations of 90% or less occurred in 16 
of the subjects (maximal number of crew was 240, but the exact number 
sampled not given) and often were followed or preceded by readings above 
90%. This study, as presented, is of little value for several reasons: 

• The collection method for the oximetry data is not adequate. Spot 
measurements are not useful unless related specifically to the cabin altitude in 
the aircraft and the activities of the crew when the measurement is made. 

• No quality-control criteria are given to ensure that the recorded read¬ 
ings represent a Stable measurement over some prespecified number of heart¬ 
beats. In fact, the data on subjects who had at least one saturation value of 
90% or less suggest that no such criteria were applied; that is, the readings 
were preceded or followed by much higher readings. 

• The data are presented as average 1 -h values, apparently representing 
the averaging of data on several people over a given period in that only spot 
measurements were made for each crew member. 

• No data are presented on the relationship between saturation and cabin 
altitude during various flight segments or during various work activities of the 
crew. Those data gaps preclude an assessment of the relationship between 
cabin altitude and 0 2 saturation in crew members during the course of the 
flights. 

Under ordinary conditions of commercial flight, it is clear that reductions 
in P0 2 to the point ofhypoxia can take place at rest or in situations of minimal 
exertion. As discussed in Chapter 5, P0 2 levels are such thatreduced arterial 
0 2 content could pose a definite health risk for persons with underlying pulmo¬ 
nary or cardiac disease or untreated or partially treated anemia. 


OTHER SOURCES OF HEALTH EFFECTS INFORMATION 

A considerable amount of material was submitted to the committee in 
support of health effects related to incidents of smoke, fumes, and unusual 
odors in the cabins of commercial aircraft both in association with and inde¬ 
pendent of known or suspected episodes ofleaks ofhydraulic fluid, engine oil, 
or other sources of contaminants in the cabin. Those materials consisted 
primarily of testimony and summaries of unpublished data. Three examples 
are presented here as typical of the data presented. 
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The Australian Senate Rural and Regional Affairs and Transport Commit¬ 
tee (1999, 2000) conducted an inquiry into reported cabin air quality and 
health-related consequences related to incidents of engine oil leaks that in¬ 
volved British Airways BAe 146 aircraft. The Senate committee summarized 
testimony on symptoms related to oil fumes in aircraft cabin air, the “aerotoxic 
syndrome.” The report (Australian Senate 2000) cited testimony that ques¬ 
tioned the specificity of this symptom complex and the fact that such nonspe- 
cific symptoms “are present at any one time in 10 percent of the population.” 
The report also highlighted other testimony that questioned the validity of 
claims of chronic symptoms related to acute exposures to products of engine 
oil leaks and fumes. In relation to health effects, the Australian Senate (2000) 
concluded the following: 

It appears to the Committee that contamination of cabin aircraft air on the 
BAe 146 aircraft has led to short-term and medium-term health problems. ... 
Some scientists link these health problems 10 contaminants, although the link 
has not yet been definitively established. , . - This remains a question to be 
further investigated and assessed. 

The Committee is also convinced that there is sufficient evidence before 
this inquiry to justify further examination of the following factors: 

• the effects on human health of the introduction into the aircraft 
cabin ... of engine oil, by-products of engine oi! combustion and other com¬ 
pounds as a result of leaking seals and bearings; and 

• the cumulative physical effect of exposure to these substances which 
can affect particular individuals. 

However, the Australian Senate went On to recommend that “aerotoxic 
syndrome” be included “in appropriate codes as a matter of reference for 
future Workers Compensation and other insurance cases,” although this ap¬ 
peared to contradict its summary of the evidence. 

Two sets of unpublished data illustrate the difficulty with the data used to 
link specific symptoms to putative incident exposures in aircraft cabin air. The 
First set of unpublished data provided a review of the evidence of health ef¬ 
fects related to cabin airincidents (C. Witkowski, Association of Flight Atten¬ 
dants, unpublished data, January 24,1999), including all incidents reported in 
relation to a particular airline with a focus on the MD-80 aircraft. Flight re¬ 
ports, insurance claims, OSHA reports, medical records, and mechanical re¬ 
ports were evaluated. The criteria for the selection of specific reports were 
not provided. An air-quality incident was defined as “a specific mechanical 
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problem resulting in smoke, mist, odors, fumes or smells, or those incidents 
where there was a complaint made regarding symptoms experienced by flight 
attendants or passengers.” The results of the review are presented in Table 
6-6. Although an association between reports of various symptoms and inci¬ 
dents on flights is inferred, few data are provided in terms of the persons at 
risk, the percentage who reported symptoms, or the temporal pattern of onset 
and recovery. Moreover, no data are provided on similar symptoms reported 
on flights during which no odors were detected and no observable conditions 
occurred or on the health status of those affected. It is not possible to distin¬ 
guish symptoms reported by passengers and those reported by flight atten¬ 
dants. 

The second set of unpublished data centered on a case study of a flight 
attendant with acute and chronic symptoms that occurred in relation to a pre¬ 
sumed leak of hydraulic fluid (“hydraulic pressure light illuminated in flight”) 
(Wright and Clarke 1999). Details of a variety of neurological symptoms over 
a 6-mo period are reported and related, by analogy, to those which might be 
expected in connection with exposure to toxic concentrations of organophos- 
phates—specifically organophosphate-induced delayed neuropathy (see Chap¬ 
ter 5 for more information on this toxic effect). No specific exposure data are 
provided. The criteria for selection and the representativeness of this single 
anecdote are impossible to determine. Allegedly, the “entire crew” were ill, 
and passengers reported nausea and vomiting (the number at risk and the 
percentage with symptoms were not provided). 


CURRENT HEALTH-RELATED DATA 
COLLECTION SYSTEMS 

The federal government maintains several databases that are potentially 
re levant to the identification of health-related problems associated with cabin 
air; a database summary is available at the Federal Aviation Administration 
(FAA) web Site (http://intraweb.nasdac.faa.gov/Ieam_about/dat_learn.asp). 
Several databases of particular relevance are reviewed below, 

• FAA AccidenTIncidcnt Data System (AIDS): Collects descriptive 
(lata on incidents (e.g., fumes, smoke, and odors) that do not meet aircraft- 
damage or personal-injury thresholds for the National Transportation Safety 
Board definition of an accident. Includes steps taken for remediation. Data 
are available on 1978 to the present. No health-related data are provided. 
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TABLE 6-6 Summary of 760 1 Incidents Reported by the Association of 
Flight Attendants 

Source of Incident Repons 

Passenger report of symptoms (9 9%) 

Flight-attendant report of symptoms (64.7%) 

Reports of observable conditions, 

such as smoke and mist fumes in cabin (25.4%) 

Reported Incidence of Episodes for Airline 

7.6 incidents per 10,000 flights for airline under consideration from July 1989 to 
August 1998 

Character of Odor Reported in Incidents with Observed Conditions 
(data from 83% of incidents): 

Unusual (29%), b burning, (18.6%), sweet (12.9%), nail polish (9.3%), toxic 
(7.7%), dirty socks (5.1%), 17.6% of incidents identified as hydraulic fluid or oil 
Symptom Reports (based on 925 flight attendants involved in 760 incidents)' 

97.2% of incidents involved reports of disorientation, confusion, “spacey,” 
euphoria for incidents with smoke or haze 

Landing : difficulty in breathing, coughing, irritation of eyes, throat, 
and lungs 

Mid-flight: headaches, disorientation, giddiness, difficulty in 

concentrating, nausea, vomiting 

Ground and takeoff, same as for mid-flight 

a See text for definition of “incident.” 

” Number of fight attendants and/or passengers involved not given, Not clear whether 
percentage refers to proportion of people or events. 

' Reports prepared by 492 people. Specific percentages and number of persons in¬ 
volved for each symptom for various flight segments not provided. 

Source: C. Witkowski, Association of Flight Attendants, unpublished data, January 
24, 1999. 

• FAA Service Difficulty Reporting System (SDRS): Repository of 
Service Difficulty Reports, Malfunction and Defect Reports, and Maintenance 
Difficulty Reports. Data are available on 1986 to the present. No health- 
related data are provided. 

• Aviation Safety Reporting System (ASRS): Voluntary confidential 
incident reporting system administered by National Aeronautics and Space 
Administration (NASA). Has narrative descriptions of the conditions of an 
incident and any health-related information that the people who filed the re¬ 
ports chose to provide. The data summaries do not indicate any systematic 
data recording structure. ASRS data are anonymous and confidential and 
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therefore are not useful for retrospective assessments of health effects of 
reported incidents. Moreover, because the data are reported as unstructured 
narratives, they are not particularly useful even when linked to more specific 
information about incidents in the AIDS and SDRS databases. Finally, given 
that reporting to A SRS is voluntary, the database is not useful as a numerator 
to estimate what fraction of incidents reported to the other databases are 
associated with reports of adverse health outcomes. Data are available on 
1988 to the present. 

No information was available to the committee on the details of operation 
of incident reporting systems or maintenance record reporting systems for any 
commercial airline. 

AFA has distributed a standard event reporting form to its members as 
part of its Safety and Health Database Initiative (AFA 2001). The form is 
intended to be completed primarily by cabin crew, but may also be completed 
by passengers, pilots, or mechanics in response to a perceived air-quality inci¬ 
dent, including required pesticide spraying on international flights. Form sub¬ 
mission to the database (which will eventually be available on line) is voluntary. 
It is not designed to obtain nonincident data (“baseline” symptom frequency 
under ordinary operating conditions of flight) against which incident-related 
symptoms could be evaluated, but rather will function to provide AFA with a 
tabulation of problems reported by its members. The listing of health-related 
symptoms sometimes requires that the person completing the form make what 
amounts to a diagnosis (e.g., “allergic reaction,” “ear inflammation... /dam¬ 
age,” “infectious agent”), which is a less than optimal way to collect such data. 
On the basis of the little information available to the committee, this data sys¬ 
tem is not intended to and will not remedy the need for more systematic data 
on health-related symptoms under nonincident conditions. Moreover, the 
system does not have a built-in systematic sampling strategy to ensure compre¬ 
hensive assessment of health effects on crew and passengers under incident- 
related conditions (J. Murawski, AFA, personal communication, 2001). 


CONCLUSIONS 

• None of the current systems for reporting signs and symptoms that 
could reflect health-related responses to aircraft cabin air quality are standard¬ 
ized with regard to how potentially affected individuals are surveyed. There 
is also a lack of standardization with respect to how specific data are obtained. 
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Of the relevant databases maintained by the federal government, only the 
NASA ASRS has health-related data as a focus. 

• Although acute health effects potentially stem from incidents involving 
exposure to engines oil, hydraulic fluids, and theirpyrolysis products, the exist¬ 
ing database is inadequate to ascertain adequately any of the following in 
relation to documented incidents: the frequency of individual symptoms or 
constellations of symptoms, the characteristics of the c abin ere w and passen¬ 
gers who might be at greatest risk from these exposures, and the long-term 
sequelae of single high-exposure incidents or recurrent low-level exposure. 

• With respect to repeated exposure of cabin crew to cabin air during 
routine conditions of flight (nonincidents) and in the absence of smoking, the 
situation is even more difficult to assess, inasmuch as there are very’ few valid 
systematic surveys. The data that are available are insufficient to quantify the 
risk posed by cabin air-quality conditions with regard to acute symptoms or 
chronic sequelae. 

• Data on exposure of passengers and related health effects are so 
sparse that further comment is not warranted. 

• Data that have become available since the 1986 NRC report raise 
questions about the safety of current regulations related to cabin pressure, 
especially in light of the increase d number of older and younger people flying, 
including children, infants, and adults with cardiovascular or pulmonary dis¬ 
ease. 


RECOMMENDATIONS 

• Because the committee concludes that there is insufficient evidence 
to warrant designation of a specific syndrome related to exposure to leaks of 
engine oil or hydraulic fluids, the committee recommends that the term aero- 
toxic syndrome not be used for symptoms associated with incidents of cabin 
air contamination. 

• Current regulations for cabin pressure shouldbe reviewed to determine 
whether they are adequate for protectingpeople who might be unusually sus¬ 
ceptible to changes in air pressure, such as the elderly, infants, children, and 
people with cardio vascular or pulmonary di sease .Cons ideration should be 
given to whether air pressure regulations can be adjusted and to what manage¬ 
ment options are available to deal with potential problems (e. g., equipping some 
seats with supplemental oxygen). FAA and tire airlines should work with 
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medical organizations, such as the American Medical Association and the 
Aerospace Medical Association, to improve health professionals’ awareness 
of the need to advise patients of the risks that might be posed by flying. 

• Current systems for the collection of health data in relation to cabin air 
quality are woefully inadequate and do not permit any quantitative assessment 
of the relationship between cabin exposure and potential health effects on 
cabin crew orpassengers. Aprogram for the systematic collection, analysis, 
and reporting of health data in relation to cabin air quality needs to be imple¬ 
mented to resolve many of the issues raised in this report. 
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Air-Quality Measurement 
Techniques and Applications 


As discussed in Chapters 3 and 6, many studies have attempted to show a link 
between aircraft cabin air quality and health effects. Such an association has 
been difficult to demonstrate, in part because air quality has been measured in 
only a small portion of aircraft flights and in part because studies have varied 
considerably in sampling strategy, environmental conditions measured, and 
measurement methods used. At present, only air temperature and barometric 
pressure are routinely measured in commercial aircraft Cabins, and only the 
pressure measurements are recorded as part of the flight data. Furthermore, 
because most flight data recorders retain only data from the most recent 30 
min of operation, current recording practices do not permit assessing variations 
in cabin pressure throughout a flight or, therefore, identifying periods during 
which partial pressure of oxygen (P0 2 ) is low. 

In this report, measurement refers to the quantitative determination of 
airborne concentration of a contaminant or of air temperature, relative humid¬ 
ity, or pressure with a suitable instrument. Monitoring refers to measurement 
over a relevant period (e.g., the duration of a flight segment) coupled with the 
creation of a durable record of the data thus obtained. For example, measure¬ 
ment of cabin air pressure and its indication on a display in the cockpit would 
not be considered monitoring, but recording the measurement as a function of 
time in a form that can be reviewed and analyzed later would constitute moni¬ 
toring. Continuous monitoring refers to measurement without interruption 
during the period of interest and the display or recording of results nearly 
instantaneously. Although practical instmments do not provide truly instanta- 
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neous data, they can generate measurements that are averaged over periods 
of a few seconds to a few minutes and produce a record of consecutive short¬ 
term averages that span the entire period of interest, Integrated monitoring 
relies on instruments that collect a sample of air or of a contaminant in air over 
a longer period (several minutes to more than an hour, depending on instrument 
design); the resulting concentration is the integrated, or time-weighted average, 
concentration over the period of sample collection. 

Air temperature is measured and controlled in all commercial aircraft for 
the comfort of passengers and crew and to help provide cooling capacity to 
maintain appropriate operating temperatures for electronic and mechanical 
equipment. Because thermal loads are not the same in all parts of the aircraft, 
control zones are used. Each zone has an independent temperature sensor and 
adjustable supply of conditioned air. For example, thermal conditioning in the 
cockpit is controlled separately from that in the passenger cabin, which may 
be divided into two or more control zones. The latter subdivision helps to 
minimize longitudinal movement of air in the cabin (Lorengo and Porter 1986; 
Stevenson 1994; Hunt etal. 1995 ). 

The location of air temperature sensors varies, but the temperature gener¬ 
ally appears to be measured in the supply air as it enters a zone. In some 
instances, the temperature is measured in the cabin or cockpit air after the 
supplied air mixes with the resident air. Although air temperature is automati¬ 
cally controlled, the set point can be changed by cockpit crew in response to 
reports of thermal discomfort from cabin occupants. (See Chapter 2 for addi¬ 
tional details on temperature control in aircraft). 

Barometric pressure in the pressure hull of the fuselage is measured con¬ 
tinuously and is under precise control of an automatic system. The supply of 
compressed air from the environmental control system (ECS) and release of 
air through an exhaust valve are balanced automatically to maintain cabin 
pressure. The system is designed to operate so that the pressure difference 
across the pressure hull does not exceed a specified limit and to ensure that, 
at least under routine conditions, the barometric pressure in the pressure hull 
does not fall below a cabin pressure altitude of2,440 m (8,000 ft) (ASHRAE 
1999a). Those two requirements limit the maximal altitude of the aircraft 
(Stevenson 1994; Hunt et ai. 1995; ASHRAE 1999a). 

The P0 2 in the cabin is not measured routinely. However, because the 
aircraft ECS does not alter the fraction of oxygen (0 2 ) in outside air, and 
human occupants in a plane do not reduce the 0 2 concentration by an amount 
that is physiologically important, the PO, in the cabin will be a fixed fraction 
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of the total pressure (Arnold et al. 2000). (See Chapter 2 for additional details 
on cabin air pressure.) 

The lack of data on cabin air quality’ other than temperature and pressure 
during routine and nonroutine operations of aircraft imposes severe limitations 
on the ability of the Federal Aviation Administration (FAA), the airlines, and 
their staff to determine the causes of and measures needed to reduce incidents 
of health effects and complaints from passengers and cabin crew. To investi¬ 
gate the presumed association between cabin air quality and health effects, 
quantitative assessment of exposures is needed, and this requires systematic 
and extensive collection and recording of data on numerous characteristics of 
the aircraft environment. Without such detailed air-quality information derived 
from flights in which the ECS Operates as designed and those in which me¬ 
chanical problems (e.g., fluid-seal failures) occur, critical evaluation of the link 
between air quality and complaints or health problems in crew or passengers 
will be impossible. Accordingly, aircraft measurements should be expanded 
by incorporating several simple, reliable instrument systems for monitoring 
relevant characteristics of cabin air quality. 

Depending on the program objectives (see Chapter 8), several air-quality 
characteristics may need to be monitored continuously. The characteristics 
may include air temperature, pressure, ozone (O3), carbon monoxide (CO), 
carbon dioxide (CO,), relative humidity, and line particulate matter (PM), 
Integrated samples of PM may also need to be collected and analyzed to 
determine the concentration of toxic components of airborne PM. 

Techniques used to monitor the characteristics that are not currently moni¬ 
tored on aircraft are discussed in the following sections. The final sections of 
this chapter address the location of sampling ports, data processing, and the 
committee’s conclusions and recommendations. 


OZONE 

To meet the FAA 0 3 limits, commercial aircraft that fly “high-Oj” routes 
often use devices to remove 0 3 from the cabin supply air. Such devices are 
usually catalytic converters, but charcoal adsorption has also been used (SAE 
1965; Boeing 2000). On planes that use 0 3 converters, current practice re¬ 
quires replacing the catalyst infrequently (e.g., once every 2-6 yr depending on 
model for Boeing aircraft [D. Space, Boeing, personal communication, Febru¬ 
ary 12, 2001] or after about 12,000 flight hours for Airbus aircraft [M. 
Dechow, Airbus, personal communication, February 9,2001]). Yetnumerous 
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contaminants have the potential to come into contact with and poison the cata¬ 
lyst during daily operations. Real-time 0 3 monitoring will indicate whether the 
catalyst is functioning as intended and will alert crew when maintenance or 
replacement is required. In fact, the 1986 National Research Council (NRC) 
committee stated in its report on aircraft air quality: ‘"Because catalytic con¬ 
verters are subject to contamination and loss of efficiency, it is suggested that 
FAA establish policies forperiodic removal and testing, so that the effective 
life of these units can be established. A program of monitoring is needed, to 
establish compliance with the existing standard and to determine whether the 
catalytic converters are operatingnormally and effectively. These data should 
be maintained in such a manner that they can be used for reference on passen¬ 
ger and crew exposures to 0 3 and to document the concentrations of 0 3 ” 
(NRC 1986). 

Continuous O, monitoring would also test the assertion that 0 3 -removing 
devices are not necessary on some routes. The available information on 0 3 
concentrations during different flight segments is far from complete. The 
present committee understands that Oj-destroying catalysts are most often 
used on high-altitude polar flights. However, data collected by the National 
Aeronautics and Space Administration (NASA) in the late 1970s demonstrate 
that high 0 3 can also be encountered on flights at lower latitudes, especially 
during late winter and early spring (Holdemanetal. 1984). Table 7-1 presents 
data from nine flights in 1978 chosen to illustrate that fact. The data are based 
on simultaneous measurements of 0 3 in the ambient air and supply air for a 
United Airlines 747SP, and the reported values are means of all 0 3 measure¬ 
ments taken on each flight, For each flight, mean 0 3 concentration in the 
cabin exceeded 0.20 ppm, well in excess of the 1-h national ambient air-quality 
standard (NAAQS) set by the Environmental Protection Agency (EPA). 
Furthermore, because the data are means, they do not reveal the magnitude 
of short-term peak concentrations during the sampled flights. (See Chapter 3 
for a detailed discussion of 0 3 in aircraft and methods of controlling 0 3 in 
aircraft.) 


Available Technology 

The feasibility of monitoring 0 ; in commercial aircraft has been demon¬ 
strated in a sampling program launched in 1983 by European scientists called 
Measurement of Ozone and Water Vapor by Airbus In-Service Aircraft 
(MOZAIC). Its aim is to measure 0, and water vapor in the atmosphere by 
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TABLE 7-1 Simultaneous Ozone Measurements in Supply Air and Outdoor 
Air on Selected 747 Flights, January-March 1978 


Ozone Concentration, ppm 


Date 

Route* 

Supply Air 

Outside Air 

1/25/78 

JFK-SFO 

0.215 

0.471 

1/29/78 

CH1-JFK 

0.380 

0.774 

2/22/78 

CHI-DEN 

0.223 

0.538 

2/25/78 

JFK-CHi 

0.233 

0.643 

3/8/78 

DEN-CHI 

0.280 

0.653 

3/8/78 

CHI-DEN 

0.231 

0.440 

3/12/78 

SFO-JFK 

0.233 

0.528 

3/13/78 

JFK-CHI 

0.236 

0.473 

3/15/78 

CHI-LAX 

0.227 

0.570 


JFK, New York; SFO, San Francisco; CHI, Chicago; DEN, Denver; LAX, Los An- 
geies. 


using commercial long-range aircraft. MOZAIC uses fully automatic instru¬ 
ments installed on five long-range Airbus 340 aircraft that are in normal ser¬ 
vice. The participating carriers are AirFrance, Sabena, Lufthansa, and Aus¬ 
trian Airlines. By the end of December 1997,7,500 flights using the instru¬ 
ments had been completed, and 54,000 flight hours of observation had been 
automatically recorded (Marenco et al. 1998). Although MOZAIC is focused 

on O, outside the aircraft, the same general approach could be used to monitor 
0 3 and other characteristics inside the aircraft. 

The MOZAIC program uses a dual beam ultraviolet-photometric instru¬ 
ment to measure O,. The instrument monitors the absorbance of O, at 254 
nm. Similar instrumentation could be used for routine monitoring of 0 3 in an’ 
aircraft. It is rugged, reliable, accurate, and sufficiently sensitive (about 1 ppb 
witha 10-cmpathlength). It uses no consumables and holds calibration well. 
Similar instrumentation was also used in the earlier NASA studies (Holdeman 
et al. 1984). Given the constraints on instrumentation aboard an aircraft, 
ultraviolet-photometric monitoring is more readily adapted to this environment 
than alternative approaches, such as chemiluminescence or electrochemical 
methods. 
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Application to Aircraft Cabin 

The primary sampling point for measuring 0 3 should be in the air supplied 
to the passenger cabin. 1 Sampling at that location will provide the best indica¬ 
tion of the efficacy of the 0 3 catalyst and of the worst case for occupant 
exposure, in that supply air is typically diluted with recirculated air. Further¬ 
more, exposure of the average occupant will be lower because of0 3 decom¬ 
position in the cabin. The reading could also he used to alert pilots when the 
aircraft is passing through air masses that have high 0 3 concentrations. Al¬ 
though air masses with high O, are probably large, the pilots may be able to 
seek cleaner air or may temporarily decrease the amount of outdoor air 
brought into the aircraft. Such readings, archived for a suitable period, would 
also be useful in evaluating incident complaints from passengers or crew. 

A secondary sampling point for supplemental monitoring of 0 3 might be 
in the exhaust air. The aircraft selected for supplemental monitoring would be 
ones that fly routes with potentially higher 0 3 . When values measured in the 
exhaust air are compared with values measured in the supply air, the differ¬ 
ence will provide information on the rate of surface removal in the aircraft. 
Such information is helpful in specifying design requirements for O,-removing 
devices. (See Chapter 3 for a discussion of retention ratios in Box 3-2.) 
Improved knowledge of the magnitude of the surface removal rate would also 
facilitate calculation of 0 3 concentration in the aircraft cabin, given O, concen¬ 
tration in the supply air and a known air-exchange rate. 


CARBON MONOXIDE 

Data from limited research investigations suggest that CO concentrations 
in aircraft cabin air are generally well below those associated with health 
effects (Nagda et al. 2000). However, a few reports suggest that operation 
of aircraft under nonroutine conditions (e .g., when an engine-seal leakpermits 


'CFR Section 121.578 “Cabin ozone concentration” states that “no certificate 
holder may operate an airplane above the following flight levels unless it is success¬ 
fully demonstrated to the Administrator that the concentration of 0 3 inside the cabin 
will not exceed. . . Note that the section does not specify where in the cabin the 
reading should be taken. 
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engine oil or hydraulic fluid to enter bleed air) may lead to the production of 
CO and contamination of cabin air to concentrations that are associated with 
health risks (Rayrrtan and McNaughton 1983; van Netten 1998; Pierce et al. 
1999; Balouet 2000; van Netten and Leung 2000, 2001). 

The acceptable limits for CO in air, as summarized in Table 7-2, vary 
widely, depending on the organization setting the limit and the population to be 
protected. The limits set by the National Institute for Occupational Safety and 
Health (NIOSH), the Occupational Safety and Health Administration (OSHA), 
and the American Conference of Governmental Industrial Hygienists 
(ACGIH) are intended for workplace exposures ofhealthy adults; they are not 
intended to apply in situations where infants, children, the elderly, or those with 
pre-existing cardiovascular or pulmonary disease might be exposed. The latter 
subpopulations are addressed by the EPA NAAQSs. 


Available Technology 

Portable instruments for continuous monitoringof CO have been in use for 
several years in buildings and in occupational settings. They use electrochemi¬ 
cal sensors that have sufficient accuracy in the range of concentrations of 
interest (1-100 ppm), and they have been used in a few research investigations 


TABLE 7-2 Recommended Limits for Carbon Monoxide in the 
United States 


Standard 

Concentration, ppm 

Duration, h 

Reference 

EPA NAAQS 

35 

1 

EPA (1985) 

EPA NAAQS 

9 

8 

EPA (1985) 

OSHA PEL 

50 

8 

OSHA (1989) 

NIOSH REL 

35 

8 

NIOSH (1972) 

NIOSH REL 

200 

_a 

NIOSH (1972) 

ACGIH TLV 

25 

8 

ACGIH (1999) 

FAA AWS 

50 

Not specified 

FAA (1996) 


a Not to be exceeded at any time. 

Abbreviations: PEL, permissible exposure limit; REL, recommended exposure limit; 
TLV, Threshold Limit Value; AWS, air worthiness standard. 
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aboard aircraft (Nagda et al. 2001). The available CO instruments provide 
analogue voltage output signals suitable for recording or digital log gin g by com¬ 
puter, An example is the model 190 CO monitor manufactured by the Draeger 
Corporation (Woebkenberg andMcCammon 1995), 

More sophisticated instruments based on nondispersi ve infrared absorption 
have also been developed. These instruments have substantially better accu¬ 
racy and precision than electrochemical methods, but they are much larger, are 
more expensive, and require larger power supplies. Their superior accuracy 
and precision might not be warranted for aircraft cabin air monitoring (Parish 
etal. 1994). 


Application to Aircraft Cabin 

Because events leading to production of CO in bleed air are likely to be 
rare, their evaluation would require continuous monitoring and recording of 
concentrations on a large number of commercial flights. However, a continu¬ 
ous monitor could provide a warning ofhazardous conditions in time for appro¬ 
priate measures to reduce or prevent excessive exposures. 

CO monitors should be placed in air supply ducts leading to each of the 
cabin air ventilation zones. Electrochemical devices can be operated in the 
active mode, in which a small air pump draws a continuous sample from the 
air supply ducts to the sensor via flexible tubing, or in the passive mode, in 
which the sensor is directly in the air stream to be sampled and &e CO enters 
the sensor by diffusion through a semipermeable membrane (Woebkenberg 
and McCammon 1995). 


CARBON DIOXIDE 

Except in the case of fire, C0 2 does not pose a health hazard at the con¬ 
centrations likely to be encountered in commercial aircraft; however, C0 2 is 
a useful surrogate indicator of substandard ventilation of a space with outside 
air, as has been shown in numerous studies ofbuilding-related symptoms (Cain 
et al. 1983; Berg-Munch et al. 1986). (See Appendix B for definition and 
discussion ofbuilding-related symptoms.) When fresh-air ventilation is sub¬ 
standard, trace contaminants {e.g„ bioeffluents) generated in an occupied 
space accumulate to concentrations that might trigger complaints from the 
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occupants. Because human occupants are the major source of indoor CO,, 
this gas is a useful indicator of the buildup of the trace contaminants generated 
by humans and human activity. 

The recommended upper limit for C0 2 concentration on the basis of health 
effects is 5,000 ppm as established by OSHA, NIOSH, ACGIH, and FAA. 
However, much lower limits are required when C0 2 is used as a surrogate for 
other bioeffluents. In that context, building ventilation guidelines are set so that 
the indoor CO* concentration does not exceed 700 ppm above the concentra¬ 
tion in outside air (ASHRAE 1999b), or about 1,100 ppm. Recent evidence 
suggests that building-related symptoms decrease with decreasing C0 2 even 
when the COj is below 800 ppm (Seppanenetal. 1999). Accordingly, mainte¬ 
nance o f an upper limit of800-1,000 ppm appears to be necessary to minimize 
the frequency of complaints of poor air quality from the occupants of a building 
(Seppanen et al. 1999). However, because the aircraft cabin environment 
differs substantially from that of buildings (e.g., the occupant density and air 
exchange rates are much higher in aircraft), the use of indoor air-quality guide¬ 
lines for C0 2 in air might not be appropriate for commercial aircraft. 


Available Technology 

Instruments of a size suitable for use in continuous monitoring on aircraft 
have been developed and used in research investigations (Nagda et al. 2000). 
They are nondispersi ve infrared photometers that use light-emitting diodes as 
the infrared sources. Such instruments have acceptable accuracy for C0 2 
concentrations of 100-50,000 ppm (0.01-5% by volume). An example is the 
Telaire model 7001 instrument manufactured by F.nglchard Corporation 
(Woebkenberg and McCairtmon 1995). 


Application to Aircraft Cabin 

One or more CO, sensors should be placed in the exhaust ducts from the 
ventilation zones of the aircraft to monitor the effectiveness of fresh-air venti¬ 
lation to each zone. Effective ventilation depends on the volume of fresh air 
delivered to the space and the extent to which the incoming air is mixed with 
the resident air by turbulence and natural convection. Because outside air 
contains C0 2 at about 3 70 ppm, any increase in cabin air concentration above 
this reflects the contribution of interior sources. 
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The use of dry ice (frozen C0 2 ) for keeping foods and beverages cool on 
board aircraft may occasionally lead to difficulty in interpreting continuous- 
monitoring records of CO, concentration. To avoid misinterpretation of data 
because of interference from sublimation of dry ice, it must first be determined 
whether air exhausted from the galley is directed overboard and not recircu¬ 
lated. 


RELATIVE HUMIDITY 

As described in Chapter 2, moist outside air is dehumidified before it is 
supplied to the cabin to prevent excessive humidity in the cabin. However, 
when the outside air contains little moisture, as is the case at typical cruise 
altitudes, air supplied to the passenger cabin is not humidified. The main 
source of humidity is the occupants (moisture from exhaled air and evaporation 
of perspiration from skin). Evaporation from food and drinks may also contrib¬ 
ute a modest amount of moisture. As explained in Chapter 2, relative humidity 
is inversely related to the outside-air ventilation rate in this situation. 

Relative humidity is not routinely monitored in commercial aircraft, but 
some measurements have been reported as part of several research investiga¬ 
tions involving small numbers of flights. At cmise altitudes, the results of those 
measurements are consistent with expected humidity and indicate the absence 
of Other major sources of moisture in flight (Arnold et al. 2000; De Ree et al 
2000; Lee et al. 2000; Nagda et al. 2001). 

Although low relative humidity has not been associated with increased 
susceptibility to infection or other health effects, it appears to be related to 
complaints of irritation of eyes and mucous membranes among passengers and 
crew (Lindgren et al. 2000). (See Chapter 5 for additional discussion on health 
effects of low humidity.) Therefore, relative humidity should be monitored 
during flights so that the relationship between all air-quality characteristics and 
the health and comfort of passengers and crew can be fully evaluated. 


Available Technology 

Portable instruments for monitoring relative humidity' or dewpoint tempera¬ 
ture have been evaluated by several investigators and have been shown to 
have sufficient accuracy and precision for monitoring relative humidity be¬ 
tween 2.5% and 80% (Freitag et al. 1994;Lafarie 1985). Themostcommonly 
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used methods incorporate a thin hygroscopic polymer film whose electrical 
capacitance varies with relative humidity or an electrolyte solution whose 
electrical impedance varies with relative humidity- These instruments have an 
accuracy of approximate ly ±2.5%atrelativehumidity below S0% if calibrated 
periodically. Newer devices use a surface acoustic wave sensor and have 
better accuracy and precision (Hoummady et al. 1995), but their added cost 
may outweigh their greater accuracy. 


Application to Aircraft Cabin 

As with many of the instruments described above, relative-humidity moni¬ 
tors should be placed so as to sample the air leaving the cabin or cockpit. 
Because the outside air at cruise altitude contains essentially no moisture, the 
moisture content of cabin air will provide an indication of the balance between 
the indooT sources of moisture (e.g., occupants, food, and beverages) and the 
outside air delivered by the ECS. Air-temperature sensors should be co-lo- 
cated with the relative-humidity sensors so that relative-humidity measure¬ 
ments can be accurately converted to absolute-humidity values needed to 
complete this evaluation. 


PARTICULATE MATTER 
Continuous Monitoring for Fine Particles 

Fine particles (particles with diameters of approximately 0 2-2.0 pm) are 
generated by combustion and can indicate nonroutine events, such as the 
pyrolysis of hydraulic fluids and engine oil that have accidentally entered bleed 
air. However, the ambient air that enters the cabin can also be a source of 
fine particles, particularly when the aircraft is on the ground or during takeoff 
and landing, as can effluents from the galley during meal service. Therefore, 
correct interpretation of fine-particle measurements will require that they be 
compared with data on the phase of the flight and the timing of galley activity. 

Available Technology 

A nephelometerfa continuous monitor of light scattered by suspended fine 


PM3006449190 


Source: https://www.industrydocuments.ucsf.edu/docs/rkjj0001 




The Airliner Cabin Environ men! and [he Health of Passengers and Crew 

ht^)6^nap.atii^^cnhooWiai»lW2W)'7AitmU2fi5.}iCmV copyright 2MB, 2M>| The National Academy of Sciences a)) fights reserved 


Air-Quality Measurement Techniques and Applications 265 

particles) can be used to monitor air that leaves the passenger cabin and is 
directed to the recirculation or exhaust system (ACGIH 2001). It would pro¬ 
vide a continuous and on-line indication and recording of the mass concentra¬ 
tion of fine particles and thus the potential exposure of passengers and cabin 
attendants to combustion byproducts. Although coarse particles (particles with 
diameters greater than 2 pm) from resuspended dust on carpets, seats, lug¬ 
gage, and occupants' clothing may also be present in the cabin air, they are less 
efficient in scattering light and will contribute less than the fine particles, per 
unit mass, to the measured light scattering. 

Several companies manufacture and distribute portable nephelometers that 
could be used to monitor fine-particle concentrations in aircraft cabins. The 
most rugged and reliable use light-emitting diodes as light sources and solid- 
state photodetectors to collect the scattered light from particles passing through 
the sensing zone (Jensen and O'Brien 1993; Watson and Chow 1993). Some 
of them also have built-in data loggers that can accumulate and average con¬ 
centration readings over preselected intervals ranging from seconds to many 
minutes and can retain several thousand individual measurements for analysis 
of temporal patterns of concentration. One of the most compact is the M1E 
Corp. Personal DataRam; another suitable instrument is the Dustrak (TSI 
Corp.). 


Application to Aircraft Cabin 

If the sensing zone of a nephelometer is located in the air leaving the 
passenger cabin, the monitoring system can determine the highest particle 
concentration in the cabin. Although particles are lost to surfaces in the cabin, 
the exhausted air contains particles originating from sources that influence 
supply air and sources in the cabin. 

The output signals from the nephelometers should be connected to the 
aircraft's air-quality data recorder for analysis and correlation with reported 
health problems. Although the recordings will not provide information on 
particle composition, the temporal record of particle concentrations throughout 
the flight—in conjunction with other available data on aircraft system opera¬ 
tions, observations in the cabin during the flight, and later physical investiga¬ 
tion—may alert crew to nonroutine events and help to identify the nature of a 
problem. 
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Integrated Monitoring of Particulate Matter 

Although a nephelometer can provide real-time data on particle cone entra- 
tions throughout a flight segment, it cannot provide information on die chemical 
or biological composition of the particles. When such information is needed for 
forensic evaluation of air-quality problems that may have contributed to pas¬ 
senger or crew illnesses or incapacitation, it can be obtained only from PM 
samples that are Collected on filters during the flight and then analyzed with 
sensitive laboratory techniques. 

The collection of such filter samples from the air exhausted from the 
passenger cabin is relatively simple and inexpensive. However, the analysis 
of such samples is usually expensive. Such analyses would normally be per¬ 
formed only in the rare cases when poor air quality is considered a likely cause 
of passenger or crew illness or incapacitation. The occurrence of nonroutine 
conditions during a flight is an important example in which a record of airborne 
PM might he valuable. The exposure information could be linked to health 
data to evaluate the impact of nonroutine operation of the ECS. 


Available Technology 

Sequential air samplers that collect particles on segments of a continuous 
filter-tape reel are commercially available. The tape can be advanced at 
programmed intervals to present a fresh surface for each phase of sampling. 
The previous samples accumulate on the takeup reel for laboratory analysis as 
needed. A relatively compact and rugged unit of this type is marketed by 
MDA, Inc. (ACGIH 2001). 


Application to Aircraft Cabin 

A modified version of the MDA sequential sampler might be used that 
advances the filter tape in response to altimeter readings, with operational 
temporal segments collected for the following flight segments: 

• The ground-based phase (boarding of flight crew through aircraft 
takeoff). 
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• The interval from takeoff through reaching cruise altitude. 

• The interval during flight at cruise altitude. 

• The interval covering descent, landing, and taxi to gate. 

The filter tapes containing appropriate identification codes for locating 
specific flight-segment samples should be archived for some period in case a 
forensic or research investigation is needed. If no air-quality problems are 
identified and no analyses are needed, the filter tapes could be transferred to 
long-term storage or discarded. 


PESTICIDES 

Measurement of exposure to pesticides during and after aircraft disinsec¬ 
tion may require air monitoring, as well as other analytic techniques because 
exposures may occur as a result of surface contamination. For the airborne 
route, analysis of integrated PM samples for pesticides would provide a mea¬ 
sure of exposure to airborne particles resulting from direct spraying or 
resuspension of settled material. However, the assessment of dermal or oral 
exposure resulting from contaminated surfaces in the cabin poses considerable 
difficulty. 

The methods available to assess the noninhalation routes include analyzing 
samples removed from aircraft cabin surfaces and from skin and sampling of 
body fluids or tissues. Surface measuring techniques have recently been 
reviewed (Schneider et al. 2000) and consist ofhand-washing, surface suction, 
or surface-wipe sampling followed by analysis of the removed material for the 
chemical of concern. The removal efficiency of these sampling methods is 
highly variable, depending on surface characteristics, time since surface depo¬ 
sition, and other factors. Therefore, any application of the methods to aircraft 
cabin surfaces or to the skin of passengers and crew requires careful prior 
determination of removal efficiency. None of the few reports of surface 
sampling of aircraft for pesticides, such as that by Murawski (2001), has in¬ 
cluded measurements of removal efficiency. It appears thatareiiable method 
for surface monitoring of pesticide exposure is not yet available. 

Biological monitoring for pesticide exposure of cabin occupants (e.g., 
collection and analysis of voided urine after a flight) may be use ful. Metabo¬ 
lites of several pyrethroid insecticides can be found in the urine of exposed 
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persons within 24 h of exposure (Lauwerys and Hoet 1993). A more detailed 
discussion ofbiological monitoring techniques and their advantages and disad¬ 
vantages for aircraft occupants is provided in Appendix D. 


OTHER MONITORING METHODS 

Many other continuous and integrated monitoring techniques have been 
used to investigate air quality other than that on commercial aircraft. The 
techniques include analysis for sulfur, phosphorus, volatile organic compounds 
(VOCs), and semi volatile organic compounds and analysis of human body 
fluids or tissues to assess systemic exposure. Although their implementation 
in aircraft has not been demonstrated, and their widespread application might 
not be technically feasible, their use in selected research applications could be 
valuable. A more detailed discussion of several techniques is presented in 
Appendix D. 


SAMPLING LOCATIONS 

Except for 0 3 and CO, the most appropriate location for instrument sam¬ 
pling points is in the cabin or cockpit air outlet ducts. Air at these locations 
best reflects the mixed concentration in the ventilated space and therefore 
yields the best indication of the average exposure of passengers and crew. 
Although drawing samples from the inlet ducts would give a better measure 
of the quality of the supply air, it does not reflect what the passengers and 
crew are directly exposed to because supply air is mixed to a variable extent 
with the resident air in the cabin or cockpit. The committee notes that sam¬ 
pling from points in the air outlet ducts might not provide useful information 
when aircraft doors are open during loading and unloading because the cabin 
ventilation system might not be operating. 

In some cases, sampling multiple locations in the aircraft may be neces¬ 
sary. For example, in aircraft with separate ventilation zones for cockpit, first- 
class, and economy sections, multiple sampling points wouldbe needed to give 
a complete picture of air quality tn the occupied spaces. It may also be useful 
in some cases to sample bleed air or recirculated air after filtration or passage 
through O, or VOC scrubber devices to evaluate their performance. 
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DATA PROCESSING 
Cockpit Indicators 

Analogue or digital signals from all or some of the continuous instruments 
could be displayed in the cockpit. Such displays would be useful in evaluating 
the performance of the ECS during vari ous flight phases and could also yield 
early indications of seal failures, fluid leaks, or other problems that could re- 
quire changes in the flight path or maintenance after landing. Cockpit crew 
members would need to be trained in evaluation of such signals. 

Logging and Storage of Data 

To meet the purposes of air-quality monitoring, data from each instrument 
must be recorded and stored in a form that can be retrieved and examined. 
Each of the continuous instruments described above provides electronic signals 
suitable for recording and storage as time-resolved data. Those signals could 
be added to the flight-data recording system if it has sufficient capacity, or they 

gations of equipment failure or health complaints from passengers and crew. 
The following are several examples ofpotential application of air-quality moni¬ 
toring: 

• Cockpit indicators could alert a pilot to high 0 3 concentrations (greater 
than 0.25 ppm, according to F AR). Logged 0 3 data could provide information 
for maintenance crews on the efficiency of O, converters and indicate when 
such devices should be refurbished or replaced. 

• The C0 2 indicator could alert a pilotto conditions under which the air- 
exchange rate should be increased. 

• The CO and nephelometer (PM) data could alert maintenance person¬ 
nel to leaking fluid seals, especially at cruise, when no other sources of fine 
particles are expected. 



Available Technology 

With the exception of integrated PM sampling, each instrument type de¬ 
scribed above has the ability to sample and analyze air for the target contami- 
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nant or property on a time scale of seconds to minutes, so their output can be 
regarded as “continuous.” In the cockpit, these instruments can provide ana¬ 
logue or sometimes digital outputs that are appropriate (Ness 1991). Their 
signals provide up-to-the-minute data on absolute concentrations, and instru¬ 
ment response is fast enough to permit accurate determination of the rate of 
change in concentration. 

For data recording and storage, relatively few continuous monitors for 
gaseous chemicals with data-logging capabilities are available, and an external 
storage device may therefore be needed (Gresseletal. 1988). Such devices 
are modified computers that collect, store, and deliver data to other computers 
or display devices. They are available with a wide variety of data capacities 
and are capable of collecting signals from multiple instruments nearly simulta¬ 
neously (Ness 1991). 

Data stored during a flight should include flight number, date, and continu¬ 
ous data on cabin air characteristics with elapsed time indicated. They could 
be transferred to an archive file on a larger computer and stored for a selected 
period. 

Figure 7-1 provides an example of continuous monitoring that was con¬ 
ducted on a Boeing 767 aircraft with a 98% load factor and the type of data 
that can be obtained from sampling instruments (Spengler et al. 1997; 
Dumyahn et al. 2000). Measurements that were taken throughout the flight 
from boarding through deplaning included barometric pressure, temperature, 
relative humidity, and CO,. The vertical dashed lines indicate the various 
states of flight boarding, takeoff, cruise, landing, and deplaning. The horizon¬ 
tal axis indicates the time when concentrations were observed. 


CONCLUSIONS 

• Current air-quality measurement practices on commercial aircraft 
include only indicators of temperature and pressure. These practices are 
insufficient to determine all cases when the ECS is not working properly or 
when air-quality incidents occur, and they do notallow evaluation of the possi¬ 
ble link between exposures and health effects. 

• Although continuousairmonitoringbasnotbeen implemented, it is 
technically feasible for a number of air-quality characteristics on commercial 
aircraft, including temperature, barometric pressure, 0 3 , CO, C0 2 , relative 
humidity, and fine PM. Collecting filter samples of suspended PM that could 
be archived for analysis is also feasible. 
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FIGURE 7-1 Environmental conditions on a Boeing 767 with 98% bad factor. Event 
index: D-C (door close), x (taxi), SO (seatbelt off), ON-ST (on seat), OFF-ST (off seat), 
SON (seatbelt on). Abbreviations: Bp, barometric pressure; RH, relative humidity. 


• Although air-quality monitoring techniques for additional agents, such 
as pesticides, are available, their applicability to aircraft may require further 
research and development. 


RECOMMENDATIONS 

• Instruments for monitoring 0 3 , CO, C0 2 , temperature, cabin pressure, 
relative humidity, and PM should be used in the surveillance or research inves¬ 
tigations aboard commercial aircraft as described in Chapter 8. 

• Because of the committee’s concern that 0 3 can exceed health stan¬ 
dards on routine flights that are not expected to encounter high 0 5 concentra¬ 
tions, it recommends that FAA take effective measures to ensure that the 
current FAR for 0 3 (i.e., average concentrations not to exceed 0.1 ppm 
above 27,000 ft, and peak concentrations not to exceed 0.25 ppm above 32,000 
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ft) i s met on all flights, regardless of altitude. These measures should include 
a requirement that 0 3 converters be installed, used, and maintained on all 
aircraft capable of flying at or above those altitudes, or a requirement that 
strict operating limits be set with regard to altitudes and routes for aircraft 
without converters to ensure that the 0 3 concentrations are not exceeded in 
reasonable worst-case scenarios. 

• Methods for monitoring additional air-quality characteristics and other 
measures of cabin-occupant exposure should be investigated as indicated by 
the data needs. 
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Surveillance and Research 
Programs on Cabin Air Quality 


The analyses presented in previous chapters have repeatedly led to the con¬ 
clusion that available air-quality data are not adequate to address specific 
questions on aircraft cabin air quality and its possible effects on cabin occupant 
health. On the basis of its review, the committee has identified the following 
critical questions: 

L. Do current aircraft, as operated, comply with the Federal Aviation 
Administration (FAA) design and operational limits for specific chemical 
contaminants—ozone (0,), carbon monoxide (CO), and carbon dioxide 
(C0 2 ) —and for ventilation rate? Are the existing federal aviation regulations 
(FAR?) for air quality adequate to protect health and ensure the comfort of 
passengers and cabin crew? 

2. What is the association, if any, between exposure to cabin air contami¬ 
nants and reports or observations of adverse health effects in cabin crew and 
passengers? 

3. What are the frequency and severity of air-quality incidents (nonrou- 
tine conditions) that might lead to deterioration of cabin air quality by introduc¬ 
tion of air contaminants, such as pyrolysis products of engine oil? 

Studies have been published that report detailed monitoring of several 
aspects of aircraft air quality. However, the studies have involved a very small 
fraction of the total commercial aircraft flights and therefore cannot be por¬ 
trayed as representing the full range of conditions during routine and nonroutine 
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operations. A summary and critical review of nine reports published during the 
last 13 years (Nagda et al. 2000) showed that the studies varied widely in 
sample selection, pollutants monitored, measurement methods, and quality 
control, The number offlights sampled ranged from less than lOto 158; only 
three studies sampled at least 50 flights. 1 Furthermore, only three studies 
claimed random selection of flights, and only one provided supporting details. 
Study duration ranged from 1 month to 1 year. None of the studies included 
more than four aircraft types. Three studies included measurements of only 
one contaminant; the others included measurements of six to nine contaminants 
or contaminant groups. For logistical reasons, state-of-the-art methods for air- 
quality monitoring were not used in all studies, and only one study provided a 
description of calibration procedures. Two additional studies (Ha ghi ghat et al. 
1999; Lee et al. 2000), which were notreviewed by Nagda et al. (2000), in¬ 
volved 16and43 flights. Bothappear to have limitations in sampling methods 
similar to those described above. Subject to those limitations, the published 
data lead to the tentative conclusion that the concentrations of CO and C0 2 
under routine operations most likely do not exceed the F AA guidelines, but O. 
concentrations might exceed the guidelines on some flights. (See Chapter 3 
for a more detailed critique of the 0 3 data.) 

No published reports include measurements of air quality during flights 
involving nonroutine events, such as leaks ofhydraulic fluid or engine oil into 
bleed air. Because some of the constituents or pyrolysis products of those 
fluids have high toxicity (Wyman et al. 1993; Wright 1996; van Netten and 
Leung 2000), obtaining exposure data during air-quality incidents is critical. 
Little information is available that would permit an estimate of the frequency 
of such events. (See Chapter 3 for further discussion of air-quality incidents 
and their possible frequency.) 

To address the important unresolved questions regarding aircraft cabin air 
quality and its possible effects on occ upant health, the committee recommends 
two complementary approaches: a surveillance program and a research pro¬ 
gram. The primary goals of the surveillance program are to determine aircraft 
compliance with FAA cabin air-quality regulations, to characterize air-quality 
characteristics and establish temporal trends in them, and to estimate the fre¬ 
quency of nonroutine incidents in which air quality is seriously degraded. This 


'To put the numbers of flights sampled in perspective, there were about 8 million 
departures of passenger jets equipped with at least 30 seats operated by U.S. domestic 
aircraft companies in 1999 (DOT 2001). 
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program also includes a health surveillance component to determine the inci¬ 
dence of health effects in cabin crew and passengers and to identify possible 
associations between air quality and health effects. The research program is 
designed to focus more narrowly on specific unresolved issues of cabin air 
quality. The two approaches are described in more detail on the following 
pages. 


AIR-QUAUTY SURVEILLANCE 

A program of systematic surveillance of air quality is needed to determine 
compliance with FARs for air quality and to establish temporal trends in air- 
quality measures. Accurate characterization of the variation in air-quality 
characteristics during routine operations, coupled with health-surveillance 
information, would provide insight into the possible association between air 
quality and reported health effects in cabin occupants. 

At a minimum, the surveillance program should include continuous monitor¬ 
ing and recording ofO s , CO, C0 2 , fine particulate matter (PM), cabin pres¬ 
sure, temperature, and relative humidity. An adequate surveillance program 
must be extensive and sample a large number of flight segments over a rela¬ 
tively short period. Estimates based on the studies reviewed to date (Nagda 
et al. 2001) reveal that, depending on the specific design of the surveillance 
program, samples from at least 100 flight segments over 1-2 years might be 
needed. Steps should be taken to ensure that a variety of aircraft types, air¬ 
craft companies, and routes are represented in the flights monitored. A stan¬ 
dard instrument package should be developed that incorporates continuous 
monitors and data-recording hardware suitable for installation on commercial 
aircraft. (See Chapter 7 for a discussion of current technology that is ade¬ 
quate for accomplishing this goal.) Because aircraft equipment design and 
operating procedures evolve continuously, a continuing program will be re¬ 
quired to characterize air quality in contemporary aircraft and to evaluate 
changes in air quality as aircraft equipment ages oris upgraded. The air-qual¬ 
ity surveillance program must be coupled with a health surveillance program. 


HEALTH SURVEILLANCE 

As described in Chapter 6, the current systems for reporting signs and 
symptoms, which could reflect health-related responses to the cabin environ- 
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ment or the cabin air, are not standardized with respect to the methods of 
surveying potentially affected individuals or how specific data are obtained. 
Among the relevant databases maintained by the federal government, only the 
National Aeronautics and Space Administration (NASA) Aviation Safety 
Reporting System focuses on health-related data. However, as noted in Chap¬ 
ter 6, the data are collected as unstandardized narratives that do not appear to 
be abstracted in a standardized manner and stored in a format that would 
facilitate analysis. The committee also notes that the survey instrument re¬ 
leased recently by the Association of Flight Attendants has a number of design 
flaws that could impede its use (see Chapter 6). 

Although implementing all the details of an ideal system might not be prac¬ 
tical, defining the minimal characteristics of a rigorous system for collecting, 
storing, analyzing, and disseminating health outcomes related to routine or 
nonroutine conditions is essential (see Table 8-1). Such definition should pro¬ 
vide the guidance to improve the completeness and validity of current data on 
cabin air quality and health. 

On the basis of exposure and self-interest, the cabin crew appeaxs to be 
the logical vehicle through which a routine health surveillance system should 
operate. Self-interest should work to minimize nonparticipation and to mitigate 
problems of selection bias that severely compromise current systems for data 
collection. Securing unbiased estimates ofpassenger symptoms on any contin¬ 
uing basis seems less practical, although a serious marketing effort to educate 
passengers on the need for this information could make sampling passengers 
possible. Ideally, passengers wouldbe surveyed on flights on which the crew 
is scheduled to be surveyed. 

Central to any valid surveillance system are apian for systematic sampling 
across all possible exposures under routine flight conditions and a s et of stan¬ 
dardized procedures for reporting all suspected incidents. Because many 
different aircraft are used oil many flight routes, some form of multistage 
sampling would be required for monitoring health-related symptoms under 
routine flight conditions. However sophisticated the sampling scheme, the 
validity of the data will ultimately depend on the thoroughness with which the 
final-stage sampling units complete the requisite forms (cabin crew for routine 
conditions, and cabin crew, cockpit crew, and passengers for incident condi¬ 
tions). All data forms must be relatively short, have few or no text fields, and 
permit direct entry through scanning. The use of personal digital assistants 
was considered, but it probably is not practical because of cost, limitations of 
programming, and the need to have a network that ensures easy access. 

Some combination of options would most likely be necessary to generate 
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TABLE 8-1 Desirable Properties of a Health Surveillance System Pot 
Commercial Aircraft 


Under Routine Flight Conditions 

Systematic 
sampling of 
cabin crew 

Multistage cluster sampling could be conducted with aircraft 
type as primary unit and flight type as secondary unit. 

Sampling could also be conducted with airline as primary unit, 
aircraft type as secondary unit, and flight type as tertiary unit. 

All cabin crew on sampled flights must complete preflight and 
postflight surveys. 

Collection of 
data 

Standardized pencil-and-paper forms: 

Structured to be completed within 5 min. 

Formatted to be scanned into database. 

Formatted for self-return to centralized data processing center. 

Management of 
database and 
reporting 

Central data center receives, edits, and processes all data; 
prepares reports at regular intervals by type of aircraft and flight; 
and distributes reports to airlines, FAA, manufacturers, flight 
attendant unions, and pilot union. 

Mechanisms to release data to public and organization to release 
data to be determined. 

Actions based 
on surveillance 
data 

To be decided by interested regulatory agencies, airlines, and 
crew. 

Under Incident Conditions 


Ad hoc Would supplement routine health surveillance monitoring, 

sampling survey 
for suspected 
incident 

Collection of All cabin and cockpit crew complete surveys, 
data Standardized pencil-and-paper form for incident description 

(same properties as above). 

Standardized health form to supplement incident form. 
Standardized supplemental form to be distributed to all 
passengers to report incident-related symptoms. 
Standardized form for health followup of crew. 

Standardized maintenance evaluation form to be linked to 
database. 
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Management of Same procedure as above. 

database and Central data manager sends followup health form at 6 and 12 mo. 
reporting Findings are distributed to groups noted above plus responsible 

maintenance monitoring databases (FAA Accident/Incident 
Data System and Service Difficulty Reporting System). 

Actions based To be decided by interested regulatory agencies, airlines, and 

on surveillance crew, 

data 


an effective solution to the problem of passenger and crew complaints of cabin 
air quality and its possible associationwith health effects. As noted above, air- 
quality monitoring remains an essential approach and must be coordinated with 
the health surveillance system to address the questions regarding possible links 
between air quality and health effects. 


AIR-QUALITY RESEARCH 

Apart from the surveillance program, the committee recommends a series 
of research investigations, each aimed at a specific aspect of cabin air quality. 
The investigations would have a more limited scope than the surveillance 
program, but could involve more intensive air sampling for one or two con¬ 
taminants in selected aircraft or on selected flights. The research program 
must be coordinated with the surveillance program discussed above. When it 
is appropriate, data collected in the surveillance program can be used to formu¬ 
late research questions. The following pages outline seven research topics on 
which further information is critical for assessing cabin ait quality. Suggestions 
for collecting data on exposure to biological agents and related health effects 
were provided in Chapter 4. 


Ozone 

The committee identified several questions relevant to O, in aircraft cabins 
that should be addressed. How is the concentration of 0 3 in aircraft cabins 
affected by factors such as ambient Oj concentration, deposition on surfaces 
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in the aircraft, the presence and effectiveness of the catalytic converter, the 
maintenance and replacement schedule for the converter, and chemical reac¬ 
tions of0 3 with component surfaces in the cabin? What is the strength of the 
relationship between cabin 0 3 concentration, both short-term and averaged 
over the duration of a flight, and health effects in the occupants? (See Chapter 
3 for discussion of factors affecting 0 3 concentration and Chapter 5 for dis¬ 
cussion of health effects of 0 3 .) Oj concentrations for this study should be 
monitored in both supply and exhaust air. 


Cabin Pressure and Oxygen Partial Pressure 


The committee identified several critical unanswered questions regarding 
cabin pressures Is a maximal cabin pressure altitude of 2,440 m (8,000 ft) 
appropriate for avoiding hypoxia? Are passengers with pulmonary or cardio¬ 
vascular disease exposed to unacceptable risk at that pressure? How does 
cabin pressure vary with factors such as flight duration, altitude, and aircraft 
type? 


B ecause partial pressure of oxygen (POj) in air is proportional to air pres¬ 
sure, continuous monitoring and recording of cabin pressure altitude is suffi¬ 
cient to determine the temporal variation in inhaied PC),. However, the rela¬ 
tionship between inhaled and arterial PO,, and therefore hemoglobin saturation, 
are influenced by the functional status of the cardiovascular and respiratory 
systems (Slonim and Hamilton 1971; Murray 1976; Robson et al. 2000). 
Therefore, use of pulse oximetry to assess hemoglobin saturation in crew and 
passengers should be considered- (See Chapters 5 and 6 for further discussion 
of cabin pressure and health risk.) 


Outside-Air Ventilation 

Thee ommittee was unable to resolve several questions related to ventila¬ 
tion on aircraft: Is the current FAA design requirement for outside-air ventila¬ 
tion (FAR 25 831) adequate to minimize complaints? Are environmental con¬ 
trol systems (ECSs) in aircraft operated so that they meet the outside air- 
ventilation rate in the FAA design requirements at all times during normal 
operation? To what extent are complaints from passenger and crew associ- 
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ated with the outside-air ventilation rate? How do factors such as passenger 
loading and recirculation of cabin air affect the amount of outside-air ventila¬ 
tion needed? Can the conclusion drawn in Chapter 4 that infectious-disease 
agents are transmitted primarily between people in close proximity be verified? 
What effects, if any, do outside-air ventilation rate, total airflow (outside air 
plus recirculation air), and airflow patterns in the cabin have on disease trans¬ 
mission? Is American Society of Heating, Refrigerating and Air-Conditionin g 
Engineers Standard 62 (ASHRAE 1999) appropriate for aircraft, and is it 
adequate to avoid air-quality complaints on aircraft? 

The C0 2 concentration in an aircraft cabin depends primarily on the 
outside-air ventilation rate per occupant and, in the absence of confounding 
factors (e.g., dry ice in galleys), may be used as a surrogate for outside-air 
ventilation rate. Outside-air ventilation flow rates may be measured directly, 
but this would be extremely difficult on an aircraft. Monitoring should be 
conducted continuously from “crew on” to “crew ofF’and in conjunction with 
corresponding evaluations of cabin occupant comfort and health variables, as 
noted above. 


Air-Quality Incidents 

Questions identified by the committee regarding contaminants entering 
bleed air because of oil leaks or equipment malfunctions include the following; 
How does the frequency vary with the type of engine or bleed-air system? 
What is the toxicity of the constituents and pyrolyzed products of the materi¬ 
als? What is their relationship to reported health effects? How are the oil, 
fluids, and pyrolyzed products distributed from the engines, into the ECS, and 
throughout the cabin environment? 

A complex approach to monitoring may be required to evaluate these 
questions and may include careful evaluation of maintenance records to iden¬ 
tify aircraft in which fluid is lost or aircraft components that require frequent 
service of fluid seals and cabin air monitoring to detect airborne products of 
leakage, such as fine PM and CO. Fine PM could indicate a leak in which 
aerosols are produced, and CO could indicate a leak in which incomplete 
combustion of fluids occurs at high temperatures. Integrated filter sampling 
of airborne particles during flight would be necessary for determination of the 
chemical composition ofthe materials released by oil leaks or equipment mal- 
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functions. 2 The samples couldbestoredandanalyzed later. Because nonrou- 
tine conditions appear to be rare, sampling a large number of flight segments 
may be required to accumulate sufficient data to characterize the role of fluid 
leaks in affecting cabin air quality. For example, if the frequency ofthe events 
is no more than 1 per 1,000 flights, acquiring data from 100 events would 
involve sampling a minimum of 100,000 flight segments. Sampling such a large 
number of flights is not feasible, and more appropriate approaches are dis¬ 
cussed below. 

• Focus on "problem" aircraft. Use surveillance data to identify 
aircraft types in which problems are especially frequent, and conduct intensive 
air monitoring on them. Only a few aircraft or engine types may be responsi¬ 
ble for most serious health complaints reported to date in nonroutine incidents. 
Intensive sampling with all the techniques outlined in Chapter 7 may be possi¬ 
ble for investigating the aircraft and thus identifying the causes and remedies 
of problems. 

• Review maintenance and repair records. Identify aircraft that have 
recurrent problems (e .g., excessive loss of engine oil or hydraulic fluids and 
failed fluid seals) that might be associated with deterioration in cabin air qual¬ 
ity. Linking the results of such an investigation to the health surveillance pro¬ 
gram might make itposstble to evaluate the reported association between cabin 
air quality and health problems. 

• Investigate the need for additional air-contaminant control de¬ 
vices. The goal is to capture contaminants that might enter through the ECS 
before they can enter the aircraft cabin. Potential approaches could include 
additional air-c leaning devices in the air supply lines upstream of the points 
where bleed air is mixed with recirculated air or upstream ofthe points where 
air is directed to the cabin in aircraft without recirculation. When the air con¬ 
taminant control devices are being investigated, some objective measures of 
then-performance must be defined to validate expected improvements in cabin 
air quality. 

• Investigate only aircraft or flights on which health complaints 
have been reported. This approach could be based on the health surveillance 


-The committee has not suggested sampling for volatile organic compounds or 
semivolatile organic compounds because tio available sampling techniques are practi¬ 
cal or feasible on aircraft (see Appendix D). However, if new techniques become 
available, their application to this research should be considered. 
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system described above. Although air-quality measurements might not be 
available for the particular flights in question, careful review of the aircraft 
itinerary, operations log, maintenance history, and other characteristics might 
reveal information that would suggest a cause of the complaints and a suitable 
remedy. 

Although the implementation of a health surveillance system for routine 
conditions of flight is relatively straightforward, some unique complexities exist 
for the evaluation of incidents. Given the concerns of cabin crew, the most 
important need wouldbe to develop a standard procedure for followup of cabin 
crew who have worked on a flight on which an incident has been reported. 
The intervals for data collection, the mechanisms to maximize compliance and 
to protect privacy, and the total duration of followup after an incident all re¬ 
quire consideration. The need to link data collected in an incident surveillance 
system with existing data systems (FAA’s Accident/Incident Data System, 
NASA’s Aviation Safety Reporting System, FAA's Service Difficulty Report¬ 
ing System) and the need to link maintenance findings and corrective actions 
to the system also require consideration. A simple sampling protocol for 
incident conditions and the responsibility for the maintenance and updating of 
a central data repository would be required. The repository would be responsi¬ 
ble for the maintenance of data accuracy and privacy. 


Pesticide Exposure 

The committee identified several questions related to pesticide exposure: 
What exposure concentrations and chemical constituents are observed in 
commercial aircraft as a result of disinsection? How do the exposures depend 
on the pesticide application method (blocks away, top of descent, on arrival, 
residua! treatment, and preembarkation; see Chapter 3)? What health risks, 
if any, are associated with such exposures? 

Evaluation of pesticide exposure may require air monitoring and other 
analytic techniques. For the airborne route, analysis of integrated PM samples 
would indicate exposure to airbomeparticles resulting from direct spraying or 
resuspension of settled material. Methods available to assess die noninhalation 
routes include analysis of samples removed from aircraft surfaces and from 
skin and sampling ofbody fluids or tissues. (See Chapter 7 and Appendix D 
for further discussion of the sampling techniques.) 
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Relative Humidity 

The committee identified se veral questions regarding the issue ofrelative 
humidity: What is the contribution of low relative humidity to the percep tion of 
dryness? Do other factors cause or contribute to the irritation attributed to the 
dry cabin environment during flight? 

As noted previou sly in this report, low relative humidity occurs on nearly 
all flights during cruise. Therefore, the focus of this research effort is to deter¬ 
mine the relationship between relative humidity and the complaints of irritation 
of eyes and mucous membranes among passengers and crew, not to determine 
the cabin relative humidity itself. 


Fine Particulate Matter 

Although fine PM is not a major focus of the research program, the com¬ 
mittee identified several questions related to fme PM: What is the role of fine 
PM in inducing complaints and health effects in cabin occupants? What are 
the probable sources of the fine PM? What are the important chemical or 
biological components of fine PM in the cabin? To what extent do filters or 
other air-cleaning devices reduce PM concentrations in aircraft cabins? What 
factors influence the effectiveness of those devices? 

Careful study of this topic requires reliable monitoring of fine PM that is 
both continuous and time-integrated (averaged over the period of a flight). 
(See Chapter 7 for a discussion of techniques for monitoring fine PM.) 


STAGING 

Feasibility Demonstration of Air-Quality Monitoring Program 

Air-quality monitoring will be required for both surveillance and research. 
One possible approach to implementing the necessary monitoring is a feasibility 
study. A prototype instrument package could be assembled by using commer¬ 
cial instruments with modifications as necessary to meet power, space, and 
safety requirements. The package should include direct-reading monitors for 
temperature, cabin pressure, relative humidity, 0 3 , CO, CO,, and fine PM. 
It could be installed in nonrevenue-generating space in selected commercial 
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aircraft before their initial delivery or during a periodic overhaul. The presence 
of passengers and crew in the aircraft during flight will be necessary to evalu¬ 
ate the performance of the monitors in the presence of human sources of 
several important contaminants. Hardware and software for data collection 
and storage should be included in the demonstration system. It may ultimately 
be feasible to incorporate the data generated by the monitoring systems into 
the flight data recording system already in place on all commercial aircraft. 

It will be especially important to demonstrate that the air-quality monitoring 
package, including all pumps and air-sampling tubing, can be installed and 
operated without disrupting normal aircraft operation. The committee recog¬ 
nizes that the visibility of the monitoring equipment in the passenger cabin must 
be minimized to avoid raising health and safety concerns among passengers. 

Development of Standard Monitoring Package 

When the prototype package has been developed and tested on selected 
flights, a standard package can be designed for installation on any commercial 
aircraft The committee emphasizes that the collection of monitoring data from 
a large number of flights forthe air-quality characteristics described will have 
great value for compliance and enforcement of existing air-quality regulations, 
as well as for research on the safety and comfort goals of aircraft ECSs. The 
ability to evaluate correlations between objective measurements of exposure 
to contaminants or their surrogates and reports or measures of health and 
comfort problems in aircraft cabin occupants would facilitate a considerable 
advance over current knowledge. This information would answer many of the 
questions that have arisen about the causes and frequencies of relatively rare 
but possibly severe health events in commercial aviation. 

Another advantage of the committee’s recommended surveillance program 
is that continuous monitoring data could provide justification for cockpit and 
cabin crew to try to minimize excessive exposures in flight. For example, if 
C0 2 were found to be high in the cabin, the pilot could increase the ventilation 
rate. However, when in-flight corrections cannot be made, off-specification 
or unexpected performance of the ECS can be documented, and appropriate 
maintenance can be promptly scheduled. That practice wouldminirnize expo¬ 
sures that would otherwise continue or worsen during later flights. The com¬ 
mittee, however, notes that adding instrumental indicators in the cockpit that 
might draw cockpit-crew attention may place an unreasonable additional bnr- 
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den on those responsible for safe operation during the flight. An appropriate 
balance must be sought between automated monitoring and recording without 
crew attention and the need for human observation and evaluation of the data 
as they emerge. 

Finally, the capacity for collection and storage of extensive air-quality 
monitoring data would prove useful in the investigation of events and com¬ 
plaints. Airline companies and FAA could use the data to verify performance 
of aircraft ECSs or to develop appropriate solutions to environmental problems 
that might be revealed only through routine continuous monitoring. However, 
access to data and the duration of its storage are important issues, and a clear 
policy on these matters should be developed before an air-quality monitoring 
program begins. 


CONCLUSIONS 

• Existing air-quality data are inadequate for evaluating the possible 
association between air contaminants in routine operations and health problems 
or complaints from crew and passengers. Measurements have been made on 
a very small fraction of the total flight segments with methods that often lack 
acceptable accuracy and precision. Although CO and C0 2 concentrations do 
not appear to exceed FAA guidelines under routine operating conditions, 0 } 
concentrations probably do exceed the guidelines on some flights. 

• Virtually no air-quality measurements are available for assessing the 
nature, severity, or frequency of nonroutine incidents aboard aircraft. Although 
complaints of foul odor and a variety of more serious health conditions have 
been reported, any relationship to deterioration in cabin air qualify cannot be 
determined. There is some information on various possible toxic components 
produced by pyrolysis of aircraft fluids, but their presence in cabin air has not 
been documented. 

* Equipment for control of airborne contaminants is available. Examples 
include high-efficiency particle filters and charcoal adsorbers. Systematic 
collection of continuous monitoring data on selected contaminants would reveal 
cases in which proper selection of additional control equipment can be made. 

* In addition to the lack of expo sure infoimation, a major difficulty in the 
evaluation of the potential effects of cabin air quality on the health of passen¬ 
gers and cabin crew is the lack of standardized health .surveillance systems for 
obtaining health-related data during normal and nonroutine operating condi¬ 
tions. 
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• Although airlines require frequent medical evaluations ofpilots, regular 
health evaluations of cabin crew are not required. Lack of such data pre¬ 
cludes any systematic assessment of the extent to which occupational expo¬ 
sures of cabin crew are associated with chronic health conditions that follow 
acute exposures during incident conditions. 


RECOMMENDATIONS 

• Air quality in commercial aircraft should be monitored with a dual 
approach that includes a routine surveillance program and a more focused 
research program. 

• Routine surveillance of a number of air-quality characteristics (Cty 
CO, C0 2 , fine PM, cabin pressure, relative humidity, and temperature) should 
be implemented ina continuingprogramto characterize the range of air quality 
found in aircraft. 

• A detailed research program is needed to investigate specific questions 
about the possible association between air contaminants and observed or re¬ 
ported health effects. Relevant subj ects include factors that affect 0 f concen¬ 
trations in cabin air, the need to lower cabin pressure altitude to prevent 
hypoxia in susceptible cabin occupants, the adequacy of outside-air ventilation 
flow rates, the severity of events in which contaminants enter bleed air from 
oil-seal leaks or other equipment malfunctions, the potential for pesticide expo¬ 
sure due to current disinsection practices, the contribution of low relative hu¬ 
midity to the perception of dryness, and the role of fine PM in generating 
health complaints. 

• Health surve illance should be integrated into the air monitoring pro¬ 
grams. Health surveillance is needed for the systematic collection, analysis, 
and reporting of health outcomes related to routine and nonroutine conditions 
in commercial aircraft. On the basis of self-interest and exposure, the cabin 
crew should be the vehicle through which the surveillance system would oper¬ 
ate. 

• Congress should designate a lead federal agency and provide sufficient 
funds to conduct or direct the research program that is aimed at filling major 
knowledge gaps identified in this report. An independent advisory committee 
with appropriate sc ientific, medical, and engineering expertise should be consti¬ 
tuted to oversee the research program to ensure that its objectives are met. 
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Biographical Information on the 
Committee on Air Quality in Passenger 
Cabins of Commercial Aircraft 


MORTON LIPPMANN (Chair) is professor of environmental medicine and 
director of the Center for Particulate Matter Health Effects Research and of 
the Human Exposure and Health Effects Research Program at New York 
University School of Medicine. He earned a bachelors degree in chemical 
engineering at the Cooper Union, a masters degree in industrial hygiene from 
Harvard University, and a Ph,D, in environmental health science from New 
Y ork University. Dr. Lippman is a member of the Executive Committee of the 
Science Advisory Board of the Environmental Protection Agency and chairs 
several nongovernmental scientific advisory committees, including those of the 
National Environmental Respiratory Center and the University of Southern 
California Medical School’s Study of the Health Effects of Air Pollution in 
Children. He has also chaired or served on several NRC committees. 

HARRIET A. BURGE is associate professor of environmental microbiology 
at the Harvard School of Public Health. She earned a Ph.D. in botany from 
the University of Michigan and continued her postdoctoral training there in 
acroallergens. Among several major areas of research. Dr. Burge’s current 
focus is on the role of environmental exposures in the development of asthma 
and evaluating exposure to fungi, dust mite, cockroach, and cat allergens in 
three separate epidemiology studies assessing risk factors for the development 
of asthma. Dr. Burge has served on a number of NRC committees, including 
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a study on airliner cabin air quality and a recent IOM study on asthma and 
indoor air quality. 

BYRON JONES is associate dean for Research and Graduate Programs and 
director of the Engineering Experiment Station at the College of Engineering, 
Kansas State University. He earned his Ph D. in mechanical engineering from 
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ment. 
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of Environmental and Occupational Disease Control of the California Depart¬ 
ment of Health Services. She holds a masters degree in industrial hygiene and 
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airborne biological material and on engineering measures to control airborne 
infectious and hypersensitivity diseases. 

MICHAEL S. MORGAN is a professor in the Department of Environmental 
Health, Industrial Hygiene and Safety Program of the University of Washing¬ 
ton and serves as director of the Northwest Center for Occupational Health 
and Safety (a NIOSH-funded education and research center). Dr. Morgan 
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Technology. His research is focused on human response to inhalation of air 
contaminants, including the products of combustion and volatile solvents, and 
has encompassed both ambient air contaminants and occupational environmen¬ 
tal health hazards. 

WILLIAM W. NAZAROFF is professor of environmental engineering in the 
Department ofCivil and Environmental Engineering of the University ofCali- 
fomia, Berkeley, He received his Ph. D. in environmental engineering science 
from the California Institute of Technology. His main research interest is 
indoor air quality, with emphasis on pollutant-surface interactions, trans- 
portrinixing phenomena, aerosols, environmental tobacco smoke, source char- 
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acterization, exposure assessment, and control techniques. Dr. Nazaroff has 
served as associate editor of Health Physics and currently serves in a similar 
capacity for the Journal of the Air & Waste Management Association. He 
is on the editorial board of Indoor Air. 

RUSSELL B, RAYMAN, currently executive director of the Aerospace 
Medical Association in Alexandria, VA, retired from the U,S, Air Force in 
1989 with the rank of colonel after a military medical career. Dr. Rayman 
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Force, he served in many medical positions both abroad and in the United 
States and held a number of academic appointments at universities in Texas 
and Ohio. 

JOHN D, SPENGLER is the Akira Y amaguchi Professor of Environmental 
Health and Human Habitation and director of the Environmental Science and 
Engineering Program at the Harvard School of Public Health. He received his 
Ph.D. from the State University of New York in Albany. Dr Spengler’s 
research is focused on assessment of population exposures to environmental 
contaminants (air, water, food, and soil) that occur in homes, offices, schools, 
and during transit, as well as in the outdoor environment. He has served on 
several NRC committees including Airliner Cabin Air Quality, Passive Smok¬ 
ing, and Risk Assessment of Hazardous Air Pollutants. 

IRA B. TAGERis professor of epidemiology in the Division of Public Health, 
Biology, and Epidemiology at the University of California, B erkeley, and is co¬ 
director and principal investigator for the Center for Family and Community 
Health. He holds an M.D. from the University of Rochester School of Medi¬ 
cine and an M.P.H from the Harvard School of Public Health. Dr. lager's 
research interests include, among others, the development of exposure assess¬ 
ment instruments for studies of health effects of chronic ambi ent ozone expo¬ 
sure in childhood and adolescence, effects of ozone exposure on pulmonary 
function, and the effects of oxidant and particulate air pollution on cardio-respi- 
ratory morbidity and mortality and morbidity from asthma in children. 
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of Health Care and Epidemiology at the University of British Columbia and 
head of the Division of Occupational and Environmental Health. He received 
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van Netten’s research interests include environmental toxicology, the use of 
electrodiagnostics to monitor worker exposure to agents that affeetthe periph¬ 
eral nervous system, and identification of indoor air pollution associated with 
health problems. In addition, he has conducted research on air quality in com¬ 
mercial aircraft. 

BERNARD WEISS is professor of environmental medicine and pediatrics at 
the University of Rochester School of Medicine and Dentistry. He received 
his Ph.D. in psychology from the University of Rochester. His special inter¬ 
ests and publications lie primarily in areas that involve chemical influences on 
behavior, these include the neurobehavioral toxicology of metals such as lead, 
mercury, and manganese, solvents such as toluene and methanol, drugs Such 
as cocaine, endocrine disruptors such as dioxin, and air pollutants such as 
ozone. 

CHARLES J. WESCHLER served for more than 25 years as a research 
scientist at Bell Labs and Bellcore (now Telcordia Technologies), including as 
program manager for the Advanced Environmental Strategies Group. He 
recently became an adj unct professor in the Department of Environmental and 
Community Medicine at the University of Medicine and Dentistry of New' 
Jersey, Robert Wood Johnson Medical School/Rutgers. Dr. Weschler earned 
a Ph.D. in chemistry from the University of Chicago. His research interests 
include chemical interactions among indoor pollutants, the chemistry of the 
outdoor environment as it impacts the indoor environment, indoor-outdoor 
relationships for vapor and condensed phase species, indoor airborne particles 
and their inorganic and organic constituents, indoor chemistry' as a potential 
source of particles, understanding the factors that influence the concentrations, 
transport, and surface accumulations of indoor pollutants, and impacts of indoor 
pollutants. 

HANSPETER WITSCHI is professor of toxicology and associate director 
of the Institute forToxioology and Environmental Health at the University of 
California, Davis. He earned his M.D. from the University of Berne, Switzer¬ 
land. He is a diplomate of the American Board of Toxicology and the Acad¬ 
emy of Toxicological Sciences. Dr. Witschi’s research interests include ex¬ 
perimental toxicology, biochemical pathology, interaction of drugs and toxic 
agents with organ function atthe cellular level, pulmonary carcinogenesis, and 
air pollutants and lung disease. 
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Appendix B 

Building-Related Symptoms 


People spend far more time indoors than outdoors—on average, more than 
90% (Nelson et al. 1994). However, regulatory standards for environmental 
health hazards, other than those in the workplace, 1 focus on the outdoor envi¬ 
ronment. The unregulated indoor environment includes homes, schools, com¬ 
mercial spaces (e .g., shopping malls), recreation areas, and highly specialized 
settings such as aircraft cabins. 

Aircraft cabins have environmental problems similar to those of modem 
offices. Both aircraft and office buildings attempt to balance energy efficiency 
with other needs such as adequate ventilation, clean air, and acceptable tem¬ 
perature and humidity levels. Office buildings and aircraft may achieve the 
goal of energy efficiency by decreasing the amount of outside air drawn into 
the ventilation system. If the ventilation rate for outside air is reduced, and the 
outsi de air is mixed with recircu lated air, this can result in elevated concentra¬ 
tions of carbon dioxide (C0 2 ), volatile organic compounds (VOCs), and odors 
from internal sources such as cabin or buildingoccupants. Chemical contami¬ 
nants in outdoor air(e.g , motor vehicle exhaust) may enter a building. Con¬ 
taminants may also originate from indoor sources, such as carpeting, adhesives, 
upholstery, wood paneling, office machines, cleaning agents, combustionprod- 


1 With recognition of BRS as an occupational health concern, the Occupational 
Safety and Health Administration proposed a set of rules for workplace environments 
on the basis that “... air contamination and other air-quality factors can act to present 
a sigm fi cant risk of material impairment to employees working in indoor environments” 
(Fed. Regist. S9:15969). 
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nets, and biological contaminants. VOCs maybe emitted from construction 
materials such as wall panels, furniture, and office equipment (e.g., computers, 
printers, copiers, and fax machines). In the aircraft cabin, VOCs may come 
from internal sources (e.g., passengers, their belongings, aircraft component 
materials, cleaning materials) or enter the cabin in the bleed air (see Chapter 
3). In addition to VOCs, contamination by bacteria, viruses, and fungi is an¬ 
other persistent challenge to indoor air quality. Office buildings provide many 
opportunities for microbial growth such as faulty or inadequately maintained 
air-circulation systems, and bioaerosols emitted by occupants. Chapter 4 dis¬ 
cusses microbial contamination in aircraft. 

Although office buildings and passenger cabins have very different exter¬ 
nal environments, the building environment may be a valuable research model 
for studying cabin air quality. In the sections below, some characteristics of 
building-related symptoms (BRS) that may provide information on aircraft 
cabin air quality are described. 


CHARACTERIZATION OF BUILDING-RELATED SYMPTOMS 

III buildings, fire combination of reduced ventilation and contaminant emis¬ 
sions can result in serious costly, unexpected, and often unexplained health 
complaints by building occupants. Those complaints may arise with the instal¬ 
lation of new office equipment or when people move into a space. BRS is a 
term applied to a group of complaints from a substantial number of employees 
orresidents. This term replaces the widely used term sick-building syndrome. 
BRS is used to describe nonspecific symptoms (e .g., eye, nose, or throat irrita¬ 
tion, headache, fatigue, or other discomfort) that cannot be associated with a 
well-defined cause but that appear to be linked to time spent in particular 
buildings. Although poorly defined, BRS is distinct from building-related ill¬ 
nesses, which are diagnosable diseases that can be directly attributed to spe¬ 
cific indoor exposures (Menzies etal. 1995; Hedge 1995; Hodgson 1995; 
Menzies and Bourbeau 1997). BRS can be uncomfortable, even disabling, but 
permanent sequelae are rare (Redlich etal, 1997). Although there are several 
physiological markers for eye and mucosal effects, objective physiological 
abnormalities generally are not found. 

BRS is characterized by the following attributes: 

• Most complaints can be categorized as neurobehavioral disruption 
(e.g., impaired memory), sensory irritation (especially eye, nose, and throat). 
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skin irritation, unspecific hypersensitivity reactions, and aberrant odor and taste 
sensations. 

• Lower airway or internal organ symptoms are infrequent. 

• More symptoms are reported in one building or a part of one building 
than elsewhere. 

• Symptoms resolve shortly after leaving the building. 


INVESTIGATIONS OF BRS 

Investigations of BRS have focused on describing or solving a particular 
situation, although some have more general applicability. The California 
Healthy Building Study examined relationships between employee health com¬ 
plaints and several building, workspace, job, and personal factors (Mendell et 
ah 1996). Most complaints (40.3%) were of eye, nose, or throat irritation. 
Other complaints included fatigue and sleepiness (33.2%), headache (19.8%), 
dry and itchy skin (10.8%), chest tightness (7.5%), and chills and fever (4.5%). 
Among the 12 buildings surveyed, the prevalence of complaint differed. Occu¬ 
pants of the mechanically ventilated and air-conditioned buildings reported 
more symptoms than those of naturally ventilated buildings. Carpeting, carbon¬ 
less-copy paper (which emits VOCs), and photocopiers seemed to be substan¬ 
tial contributors. Nonchemical factors, such as space sharing and distance 
from a window, also seemed to increase complaint prevalence. 

Elevated CO, derived from occupant respiration and bioeffluents appears 
to be an important contributor to complaints ofBRS. A review of BRS studies 
encompassing about 30,000 subjects (Seppanen et al. 1999) indicated a pro¬ 
gressive reduction in symptoms as C0 2 concentrations were reduced to below 
800 ppm. Apte et al. (2000) analyzed the correlation between mdoor C0 2 
concentrations and BRS symptoms in 41 office buildings. They relied on two 
measures; the daily average and the peak (1-h) differences between indoor 
and outdoor CO, concentrations. Statistical analyses were conducted by cate¬ 
gorizing BRS complaints into mucous membrane or chest and breathing diffi¬ 
culties. These analyses demonstrated a significant dose-response relationship 
between indoor CO. and the incidence ofBRS symptoms involving mucous 
membrane irritation, chest tightness, and wheezing. As C0 2 concentrations 
decreased below 800 ppm, complaints also decreased. The authors empha¬ 
sized that COris an indicator of the building ventilation rate and not necessarily 
a direct cause ofBRS. 

Although many reports ofBRS and remediation measures are available, 
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almost no experimental data exist on the relationship between contaminant 
types and occupant complaints. In one experiment by U.S. Environmental 
Protection Agency (Otto et al. 1990), investigators synthesized a mixture of 22 
VOCs and exposed volunteers at 25 mg/m 1 of the mixture or to clean air. 
During a 240-minute exposure (longer than most domestic flights but shorter 
than most overseas flights), the volunteers reported increasing discomfort 
(irritation of eyes, nose, and throat) whether exposed to air or VOCs; however, 
the discomfort ratings were greater with exposure to VOCs at all times. 
Although a brief conventional, neuropsychological test battery revealed no 
sign i ficant performance deficits, a prolonged performance assay might offer 
a more suitable criterion for assessing such potential deficits. The sleep depri¬ 
vation literature indicates that tests of longer duration are more sensitive to 
environmental disruption than those of shorter duration. 

Such an approach was used by Wargocki and coworkers (2000), who 
recruited 30 females (five groups of six each) to perform simulated office 
work for 4.6 hours under outdoor flow rates of 3,10, or 30 L/s per person. 
The performance measures included text typing, addition, proof-reading, and 
writing down alternative uses for common objects, which was designed to 
measure creative thinking. Six subjective measures were also assessed: air 
quality, odor intensity, eye-nose-throat irritation, environmental conditions 
(e.g., humidity), recognized BRS symptoms, and effort required to perform 
tasks. Simulated work performance, BRS complaints, and rated air quality all 
improved significantly with increased ventilation. 

ANALOGIES WITH PASSENGER AIR CABINS 

The committee recognizes thatthere are differences between the physical 
structures and operations of buildings and aircraft; however, they are both 
enclosed spaces occupied by people. Therefore, the committee decided that 
it was appropriate to discuss below some of the studies of responses of cabin 
crews and passengers to cabin air quality and compares them to studies on 
building occupants. Die committee also compares contaminant concentrations 
in aircraft and buildings. 

Cabin Crew 

Unlike passengers, cabin crew are often engaged in high-level activity; 
they board the aircraft when exposure to aircraft engine emissions may be 
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high, and they deal chronically with stressful conditions such as disrupted 
circadian rhythms. A compilation of cabin crew and passengers ’ complaints 
is presented in Table B-l (Pelletier 1998). These complaints are similar to 
those reported by occupants of offices associated with BRS, however, they 
have not received the same scrutiny, because systematic surveys of cabin 
crew, comparable to those in the BRS literature, are relatively rare (see Chap¬ 
ter 6). Lee et al. (2000) designed a questionnaire to evaluate cabin crew 
responses to a variety of conditions including health complaints. Health com¬ 
plaints included eye, nose, and throat irritation; indices of dizziness; breathing 
difficulties; skin dryness; gastrointestinal problems; and nausea. The three 
symptoms reported most often by the crew were dry, itchy, or irritated eyes; 
dry or stuffy nose; and skin dryness or irritation. One-third or more of the 
crew rated irritation and dryness as the most severe symptoms. 

For a larger Swedish study on air quality (Lindgren et al. 2000), 1,513 
aircraft crew members (i.e., pilots and cabin crew) and 168 office workers 
were recruited. Aircrew had a higher incidence of complaints about poor air 
quality on aircraft than office workers did about building air quality. A major 
portion of such aircrew complaints is likely attributable to the extremely low 
relative humidity in the cabin (5%) during the international flights, compared 
with humidity levels of 20% or higher in buildings. For reference, the lower 
bound of the American Society of Heating, Refrigerating and Air-conditioning 
Engineers (ASHRAE) standard for relative humidity ranges from 20% to 30% 
depending on temperature (ASHRAE 1992). Lindgren etal. note that general 
complaints about the work environment, more common among flight crew 
members than office workers, may be attributable to other factors such as 
work stress. 


Passengers 

A survey of passengers who completed self-administered questionnaires 
on a variety of aircraft and flight lengths, used a 7-point scale from “poor” to 
“excellent” to obtain, comfort ratings for a variety of characteristics including 
air quality (Rankin et al. 2000). Dryness and irritation, along with back or joint 
pain, received the lowest comfort ratings, but the mean ratings were average 
(4.0) or better, the variability for these ratings were not given. Although no 
major problems w ith air quality were reported by passengers, the authors noted 
the desirability of obtaining objective measures of air quality that can be corre¬ 
lated with passenger comfort ratings. Addressing this data gap is critical 
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TABLE B-l Complaints of Flight Attendants and Passengers, 1993-1997 
Flight 

Attendants Passengers Total 


Major Symptoms 

% 

No. of 
complaints 

% 

No. of 
complaints 

% 

No. of 
complaints 

Headache (severe) 

15 

279 

12 

67 

15 

346 

Difficulty breathing (great) 5 

15 

266 

13 

72 

14 

338 

Nausea b 

12 

225 

15 

86 

13 

311 

Dizziness 

14 

260 

7 

38 

13 

298 

Fatigue (sudden)' 

13 

227 

11 

63 

12 

290 

Throat problem d 

7 

132 

5 

30 

7 

162 

Stuffiness/excessive 

temperature' 

5 

86 

12 

68 

6 

154 

Lightheadness 

8 

136 

0 

1 

6 

137 

Chemical odor problcm f 

4 

78 

5 

29 

4 

107 

General air-quality 
complaint 

2 

45 

11 

61 

4 

106 

Eye problem 8 

2 

45 

3 

20 

3 

65 

Fainted 

0.3 

6 

5 

31 

2 

375 

Heart palpitations 

1 

17 

I 

6 

1 

23 

Others 11 

0.4 

8 

0 

0 

0.3 

8 

Total 

100 

1.810 

100 

572 

10 

0 

2.382 


1 Difficulty breathing (great) includes lack of air or oxygen, shortness of breath, 
catching breath, gasping for air, chest pains, and pressure on chest, 
b Nausea includes stomach pain, vomiting, and malaise. 

'Fatigue (sudden) includes tiredness, weakness, faintness, and exhaustion. 

Throat problem includes sore throat, nose and sinus problems, ear ringing, and 
congestion. 

' Stuffiness and excessive temperature includes sweating. 

’ Chemical odor problem includes strong odor, fumes, and foul smell. 

8 Eye problem includes swelling, dryness, soreness, itchiness, and blurred vision. 
h Others includes paleness. 

Source: Adapted from Pelletier (1998). 
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because such information would help determine the validity of the rating scale. 

One common complaint of crew and passengers is eye irritation, which is 
also a frequent complaint in BRS situations (e.g., Wargocki et al. 2000). In 
response to such complaints, Backman and Haghighat (2000) surveyed air 
quality on 15 different aircraft at different times and altitudes. The authors 
periodically measured C0 2 , temperature, and humidity. The data convinced 
them that poor air quality can cause contact lenses intolerance and eye irrita¬ 
tion. The authors urged ventilation for aircraft be improved to reduce such 
symptoms. 


Comparisons of Contaminant Levels in Aircraft and Buildings 

Only a few studies have measured speciated organics within aircraft 
cabins. As indicated above, similar contaminants have been identified inboth 
the aircraft and building environments. Table B-2 compares selected VOCs 
concentrations measured in aircraft cabins with concentrations measured in 
public, commercial, and residential buildings. The “Aircraft (1994)” column is 
based on measurements on 22 flights with nine different types of aircraft, and 
the “Aircraft (1996)” column stems from measurements on 27 flights with a 
single aircraft type (Boeing 777). The last four columns in the table present 
typical concentrations of organic compounds found in different buildings. The 
concentrations in aircraft do not appear to differ significantly from those found 
in buildings. The one exception is ethanol, which is found at significantly higher 
concentrations in aircraft. The ethanol concentrations probably reflect volatil¬ 
ization from alcoholic beverages served on the aircraft and exhalation by pas¬ 
sengers who have consumed those beverages. However, the elevated ethanol 
concentrations are not expected to be a health or comfort concern as the 
threshold-limit value for ethanol is 1,000 ppm. 

Table B-3 compares the concentrations of formaldehyde, some inorganic 
gases, particles, bacteria, and fungi measured in aircraft cabins with concentra¬ 
tions measured in public, commercial, and residential buildings. The air-quality 
measurements are a subset of the more complete listing provided in Chapter 
1, Table 1 -2. The data represent four recently published studies and, therefore, 
are measurements made well after smoking was banned on domestic flights. 
The building data are measurements from public buildings and exclude situa¬ 
tions with either smoking or cooking. The nitrogen oxide concentrations re¬ 
ported in theNational Institution for Occupational Safety and Health aircraft 
study are high relative to concentrations typically measured within buildings. 
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TABLE B 2 Concentrations (mg/m 3 ) of Selected VOCs in Aircraft Compared with Public, Commercial, and Residential o 

Buildings 


voc 

Aircraft (1994), 
Range* 

Aircraft (1996), 
Range* 

Building Mix, 
Weighted Average' 1 

Office Buildings, 
Geo. Mean* 

Office Buildings, 
Median 4 

Office Buildings, 
Range, Median* 

Ethanol 

280-4,300 

290-2,600 

50-100 

36 

— 

— 

Acetone 

74-150 

52-140 

20-5(1 

10.2 

— 

7.1-220,29 

2-Propanol 

— 

12-43 

— 

5.6 

— 

- 

Toluene 

0-29 

9-19 

20-50 

9.8 

6 

1.6-360,9 

1,1,1 -T riehloroethane 

0-3 

0-5 

20-50 

24.3 

— 

0.6-450, 3 6 

met a- & para-X ylene 

0-8 

2-4 

10-20 

9.1 

5 

0.8-96,5.2 

Ethy! acetate 

0-4 

0-26 

5-10 

1.1 

— 

0.2-65 

a-Dccane 

0-6 

2-5 

5-10 

2.9 

6 

0.3-50 

«-Dndecane 

0-20 

4-20 

1-5 

7 

9 

0.6-58, 3 7 

1,2,4-Trimethylbenzene 

0-4 

0-2 

5-10 

3.9 

5 

0.3-25 

2-Butanone 

3-16 

4-8 

1-5 

— 

— 

0.7-18 

Benzene 

1-6 

— 

5-10 

3.2 

— 

0.6-17.3.7 

Tetrachloroclhylene 

0-16 

5-28 

5-10 

2.7 

4 

0 3-50 

evtlip-Xylenc 

0-3 

0-2 

5-10 

3 

2 

0.3-38 

fl-Hcxaite 

— 

0-2Q 

1-5 

1.8 

— 

0.6-21,2.9 

t/-Limonene 

12-24 

2-45 

20-50 

6.7 

6 

0.3-140,7.1 


“Source: Dumyahnct al. (201)0). 

“ Based onasutninary of 50 studies conducted in morethan 1,200 buildingsbetwetn 1978 and 1990. The indoor geometric mean concentrations from 

multiple studies are summarized as a “weighted average” of geometric means. Source: Brown et al. (1994). 

‘Geometric means of the most frequently identified VOCs in 12 California office buildings, selected without regard to worker complaints. Included 
are naturally and mechanically ventilated buildings. Source: Daiscy et al, (1994), 

Selected VOCs identified in the administrative facilities (11 of the 70 buildings) and their median concentrations are reported. Source: Shields etal. 
(199b). 

5 Range of indoor concentrations for selected VOCs identified in the EPA BASE (Building Assessment Survey Evaluation) sludy. For several 
compounds, median concentrations are also reported, The cited database contains measurements from 56 buildings. Source: Girman ci al. (1999). 
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TABLE B-3 Concentrations of Formaldehyde, Selected Inorganic Gases, Particles, Bacteria, and Fungi in Aircraft Compared 
with Public, Commercial and Residential Buildings 


Contaminant 

Aircraft, Range’ 

Aircraft, Range* 3 

Aircraft, Range' 

Aircraft, Range 2 

Office Buildings, 

Median or Range 

Formaldehyde 


— 

<1-70 ppb 

0-<0.07 ppb 

11.4 ppb c 

Nitric oxide (NO) 

— 

0-81 ppb 

— 

(NO & NO,) 

0-100 ppb f 

Nitrogen dioxide (NO ; ) 

23-60 ppb 

4-32 ppb 

— 

<200-3,100 ppb 

30 ppb* 

Sulfur dioxide 

— 

1-3 ppb 

— 

— 

I ppb‘ 

Carbon monoxide 

0.8-1.3 ppm 

! .9-2.4 ppm 

<0.! -7 ppm 

<0.2-9.4 ppm 

<1-6 ppm* 1 

Carbon dioxide 

1,200-1,800 ppm 

418-4,752 ppm 

330-3,157 ppm 

310 1,600 ppm 

400 1,400 ppm 1 

Ozone 

2-10 ppb 

0-90 ppb 

2-122 ppb 

<50-1,000 ppb 

0-120 ppb 1 

Particles 

3-10 mg/m 3 

7.6 mg/m 3 

25-200 mg/m 3 

30-380 mg/m 3 

25 fng/m 3t 

Bacteria 

— 

44-93 CFU/m 3 

0-1,763 CFU/m 3 

— 

<7-1,000 (20) CFU/m 3 ' 

Fungi 

— 

17-107 CFU/m 3 

0-450 CFU/m 5 

— 

<7-5,000 (35) CFU/m 3 * 


'Source: SpCngeret al. (1997). 

6 Source: Lee eta!. (1999). 

' Source; Nttgda et al. (2001). 

“Source: Waters et at. (2001). 

' Source: Girman et al. (1999); for bacteria and fungi median values are in parentheses; CPU, colony forming units. 
f Source: Wilson et at-{1993). 

2 Source: Brauer et al. (1991). 

51 In the absence of indoor combustion appliances, indoor carbon monoxide concentrations will be comparable to outdoor levels In the absence of 
smoking, cooking or other strong particle sources, indoorparticle concentrations are comparable to or tower than outdoor concentrations. In 1999, the 
U.S. average concentration for particulate matter with an aerodynamic diameter of 10 pm was 25 mg/m 1 . 

Source: Adapted from EPA (2000). 

1 Source: Nabinger et al. (j [194). 

'Source: Weschler(200 (j). 
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Other aircraft studies have not reported similarly high nitrogen oxide concen¬ 
trations . The high end of C0 2 measurements in aircraft cabins appears to be 
above that typically measured within buildings. In aircraft, 0 3 concentrations 
are also higher than those typically found in buildings. The results of Nagda 
etal. (2001) and Waters etal. (2001) indicate that the particle concentrations 
in aircraft may occasionally be higher than those encountered in buildings in the 
absence of smoking and cooking. This finding may reflect particles generated 
during inflight meal preparation or those brought into the cabin when the air¬ 
craft is on the ground, especially on the runway waiting for takeoff. 


CONCLUSIONS 


Although this appendix outlines similarities between building and aircraft 
environments, a comparison is limited by the lack of data on exposures in the 
aircraft environment. More data on exposures to contaminants on aircraft are 
needed. Unlike the volume of BRS research in buildings, research on the 
association of cabin air quality with health complaints of passengers atld crew 
is sparse. The bulk of information about symptoms or complaints (e.g., irrita¬ 
tion) comes from reports filed by aircrews. These reports are not solicited by 
a regulatory' or health agency or gathered in a systematic maimer, and are 
primarily a response to air-quality incidents. As emphasized in Chapter 6, 


systematic information about symptoms must be acquired using appropriate 


methods and tools for measuring subjective health and comfort variables such 


as irritation and fatigue. 
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Appendix C 

Relevant Federal Aviation Regulations 


Title 14, Chapter 1 of the Code Federal of Regulations (CFR) pertains to the 
Federal Aviation Administration.. Within 14 CFR are found the federal avia¬ 
tion regulations (FARs) applicable to the design and operation of commercial 
aircraft. Section 25 contains air-worthiness standards for transport category 
airplanes, Section 121 pertains to the operational requirements for air carriers 
and commercial operators, and Section 125 specifies die certification and 
operations for aircraft having a seating capacity of 20 or more passengers and 
the rules that govern people aboard such aircraft. 


SEC. 25.831 VENTILATION. 

(a) Linder normal operating conditions and in the event of any probable 
failure conditions of any system which would adversely affect the ventilating 
air, the ventilation system must be designed to provide a sufficient amount of 
uncontamirtated air to enable the crew members to perform their duties without 

undue discomfort or fatigue and to provide reasonable passenger comfort. For 
normal operating conditions, the ventilation system must be designed to provide 
each occupant with an airflow containing at least 0.55 pounds of fresh air per 
minute. 

(b) Crew and passenger compartment air must be free from harmful or 
hazardous concentrations of gases or vapors. In meeting this requirement, the 
following apply: 
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1. Carbon monoxide concentrations in excess of 1 part in 20,000 parts of 
air are considered hazardous. For test purposes, any acceptable carbon mon¬ 
oxide detection method may be used. 

2. Carbon dioxide concentration during flight mustbe shown notto exceed 
0 5 percent by volume (sea level equivalent) in compartments normally occu¬ 
pied by passengers or crew members. 

[Doc. No. 5066,29 FR18291, Dec. 24,1964, as amended by Arndt. 25-41,42 
FR 36970, July 18,1977; Arndt. 25-87,61 FR 28695, June 5, 1996; Amdt. 
25-89, 61 FR 63956, Dec. 2,1996] 


SEC. 25.832 CABIN OZONE CONCENTRATION. 

(a) The airplane cabin ozone concentration during flight must be shown 
not to exceed: (1) 0.25 parts per million by volume, sea level equivalent, at any 
time above flight level 320, and 

(2) 0.1 parts per million by volume, sea level equivalent, time-weighted average 
during any 3-hour interval above flight level 270. 

(b) For the purpose of this section, "sea level equivalent" refers to condi¬ 
tions of 25 deg. C and 760 millimeters of mercury pressure. 

(c) Compliance with this section must be shown by analysis or tests based 
on airplane operational procedures and performance limitations, that demon¬ 
strate that either (1) the airplane cannot be operated at an altitude which would 
result in cabin ozone concentrations exceeding the limits prescribed by para¬ 
graph (a) of this section; or (2) the airplane ventilation system, including any 
ozone control equipment, will maintain cabin ozone concentrations at or below 
the limits prescribed by paragraph (a) of this section. 

[Amdt. 25-50,45 FR 3883, Jan. 1,1980, as amended by Amdt 25-56,47 FR 
58489, Dec. 30, 1982; Amdt. 25-94, 63 FR 8848, Feb. 23, 1998] 


SEC, 25,841 PRESSURIZED CABINS. 

(a) Pressurized cabins and compartments to be occupied must be 
equipped to provide a cabin pressure altitude of notmore than 8,000 feet at the 
maximum operating altitude of the airplane under normal operating conditions. 
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1. If certification for operation above 25,000 feet is requested, the airplane 
must be designed so that occupants will not be exposed to cabin pressure 
altitudes in excess of 15,000 feet after any probable failure condition in the 
pressurization system. 

2. The airplane must be designed so that occupants will not be exposed 
to a cabin pressure altitude that exceeds the following after decompression 
from any failure condition not shown to be extremely improbable - , (i) twenty- 
five thousand (25,000) feet for more than 2 minutes; or (ii) forty thousand 
(40,000) feet for any duration. 

3. Fuselage structure, engine and system failures are to be considered in 
evaluating the cabin decompression. 

(b) Pressurized cabins must have at least the following valves, controls, 
and indicators for controlling cabin pressure: 

1. Two pressure re lief valves to automatically limit the positive pressure 
differential to a predetermined value at the maximum rate of flow delivered by 
the pressure source. The combined capacity of the relief valves must be large 
enough so that the failure of any one valve would not cause an appreciable rise 
in the pressure differential, The pressure differential is positive when the 
internal pressure is greater than the external. 

2. Two reverse pressure differential relief valves (or their equivalents) to 
automatically prevent a negative pressure differential that would damage the 
structure. One valve is enough, however, if it is of a design that reasonably 
precludes its malfunctioning. 

3. A means by which the pressure differentia] can be rapidly equalized. 

4. An automatic or manual regulator forcontrolling the intake or exhaust 
airflow, or both, for maintaining the required internal pressures and airflow 
rates. 

5. Instruments at the pilot or flight engineer station to show the pressure 
differential, the cabin pressure altitude, and the rate of change of the cabin 
pressure altitude. 

6 . Warning indication at the pilot or flight engineer station to indicate when 
the safe or preset pressure differential and cabin pressure altitude limits are 
exceeded. Appropriate warning markings on the cabin pressure differential 
indicator meet the warning requirement for pressure differential limits and an 
aural or visual signal (in addition to cabin altitude indicating means) meets the 
warning requirement for cabin pressure altitude limits if it warns the flight crew 
when the cabin pressure altitude exceeds 10,000 feet. 
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7. A warning placard at the pilot or flight engineer station if the structure 
is not designed forpressure differentials up to the maximum relief valve setting 
in combination with landing loads. 

S. The pressure sensors necessary to meet the requirements of para¬ 
graphs (b)(5) and (b)(6) of this section and Sec. 25.1447(c), must be located 
and the sensing system designed so that, in the event of loss of cabin pressure 
in any passenger or crew compartment (including upper and lower lobe gal¬ 
leys), the warning and automatic presentation devices, required by those provi¬ 
sions, will be actuated without any delay that would significantly increase the 
hazards resulting from decompression. 

[Doc. No. 5066,29 FR18291, Dec. 24,1964, as amended by Arndt. 25-38,41 
FR 55466, Dec. 20, 1976; Arndt. 25-87, 61 FR 28696, June 5, 1996] 

SEC. 121.219 VENTILATION. 

Each passenger or crew compartment must be suitably ventilated. Carbon 
monoxide concentration may not be more than one part in 20,000 parts of air, 
and fuel fumes may not be present. In any case where partitions between 
compartments have louvres or other means allowing air to flow between com¬ 
partments, there must be a means convenient to the crew for closing the flow 
of air through the partitions, when necessary. 


SEC. 121.578 CABIN OZONE CONCENTRATION. 

(a) For the purpose of this section, the following definitions apply: 

1. “Flight segment” means scheduled nonstop flight time between two 
airports. 

2. “Sea level equivalent” refers to conditions of 25 deg. C and 760 milli¬ 
meters of mercury’ pressure. 

(b) Except as provided in paragraphs (d) and (e) of this section, no certifi¬ 
cate holder may operate an airplane above the following flight levels unless it 
is successfully demonstrated to the Administrator that the concentration of 
ozone inside the cabin will not exceed'(l) for flight above flight level 320,0.25 
parts per million by volume, sea level equivalent, at any time above that flight 
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level; and (2) for flight above flight level 270,0.1 parts per million by volume, 
sea level equivalent, time-weighted average for each flight segment that ex¬ 
ceeds 4 hours and includes flight above that flight level. (Forthispurpose, the 
amount of ozone below flight level 180 is considered to be zero.) 

(c) Compliance with this section must be shown by analysis or tests, 
based on either airplane operational procedures and performance limitations 
or the certificate holder's operations. The analysis or tests must show either of 
the following: 

1. Atmospheric ozone statistics indicate, with a statistical confidence of 
at least 84%, that at the altitudes and locations at which the airplane will be 
operated, cabin ozone concentrations will not exceed the limits prescribed by 
paragraph (b) of this section. 

2. The airplane ventilation system including any ozone control equipment, 
will maintain cabin ozone concentrations at or below the limits prescribed by 
paragraph (b) of this section. 

(d) A certificate holder may obtain an authorization to deviate from the 
requirements of paragraph (b) of this section, by an amendment to its opera¬ 
tions specifications, if (1) it shows that due to circumstances beyond its control 
or to unreasonable economic burden it cannot comply for a specified period of 
time; and (2) it has submitted a plan acceptable to the Administrator to effect 
compliance to the extent possible. 

(e) A certificate holder need not comply with the requirements of para¬ 
graph (b) of this section for an aircraft (1) when the only persons carried are 
flight crewmembers and persons listed in Sec. 121.583; (2) if the aircraft is 
scheduled for retirement before January 1,1985; or (3) if the aircraft is sched¬ 
uled for re-engining under the provisions of Subpart E of Part 91, until it is 
re-engined. 

[Doc. No. 121-154, 45 FR 3883, Jan. 21, 1980. Redesignated by Arndt. 
121-162,45 FR46739, July 10,1980; Arndt. 12MSl,47FR58489,Dec.30, 
1982; Arndt. 121-251,60 FR 65935, Dec. 20, 1995] 


SEC. 125.117 VENTILATION. 

Each passenger or crew compartment must be suitably ventilated. CO 
concentration may not be more than 1 part in 20,000 parts of air, and fuel 
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fumes may not be present. In any case where partitions between compart¬ 
ments have louvres or other means allowing air to flow between compart¬ 
ments, there must be a means convenient to the crew for closing the flow of 
air through the partitions when necessary. 
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Appendix D 

Additional Monitoring Techniques 


In addition to the monitoring methods described in Chapter 7, a host of other 
techniques exist for monitoring different characteristics of the cabin ait or of 
the occupants themselves. These additional techniques provide more specific 
information on exposures to cabin air contaminants or on the performance of 
the environmental control system (ECS) equipment. Some of these techniques 
have been proposed or used in research investigations of aircraft air quality. 
These techniques might be considered for subsequent adoption as applications 
and resources warrant. Several examples of additional monitoring approaches 
follow. 


ELEMENTAL DETECTORS 
Phosphorus 

Methods exist that are specific forphosphorus-containing compounds such 
as phosphate ester pesticides and organophosphate esters that are used as 
additives in certain fluids. Instrumentation is sensitive but expensive. Current 
instrumentation is not well suited to aircraft environments. 


Sulfur 

Sulfuris present as an impurity in jet fuel. Itmay impair the function of an 
ozone (0 3 ) scrubber if aspirated into bleed air flow. Real time sulfur dioxide 
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(S0 2 ) monitors are available. However, data from such measurements would 
be of limited utility and do not justify the expense or the use of limited space. 


HYDROCARBON DETECTORS 

Photoioniziatton detectors respond to a large number of organic compounds 
but are non-specific and have limited sensitivity. In general they are not sensi¬ 
tive enough to detect many of the hydrocarbons at levels that are of potential 
concern in this setting. Furthermore, these instruments respond with different 
sensitivity to different compounds, and they are plagued by many of the prob¬ 
lems that affect volatile organic compounds (VOC) measurements including 
drift, surface losses, and marked interference from water vapor. Primarily 
because oftheirnon-specific response, they are probably oflimited additional 
value unless a measure of total hydrocarbon concentration would be useful 

Catalytic hydrocarbon detectors measure carbon dioxide (C0 2 ) before and 
after air is passed over a hydrocarbon oxidation catalyst, which provides a 
measure of oxidizablc carbon species. Such systems must be designed to 
scrub the majority of C0 2 from the airstxeam prior to befoie/after measure¬ 
ment or signal will be swamped by atmospheric C0 2 ; the same is true of meth¬ 
ane and propane. Even taking such precautions, signals will probably still be 
dominated by ethanol from both breath and beverage service and by acetone 
from breath. Against this large and varying background, it would be quite 
difficult to discern changes in C0 2 resulting from a condition such as leaked 
fluid in the bypass air. Consequently, this approach does not appear to be 
feasible. 


PARTICLE DETECTORS 

In addition to the tight scattering instrument discussed in Chapter 7, there 
are direct-reading particle methods based on the behavior of electrically 
charged particles (Hinds 1999). Instruments using electrical charge include 
commercial smoke detectors as well as more technically sophisticated electri¬ 
cal aerosol analyzers. Smoke detectors employ an ionizing radiation source to 
generate electric charge on particles, and the resulting change in electric cur¬ 
rent is used to sense the presence of particles in air. These devices respond 
within seconds to relatively high concentrations of fine particles (e.g., combus¬ 
tion aerosols), but may not be suitable for continuous monitoring of lower levels 
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aboard aircraft. Electrical aerosol analyzers have the ability to evaluate parti¬ 
cle concentration as a function ofparticle size, and would thus provide useful 
information about particle size distribution not obtained from the optical devices 
described earlier. Such instruments are not now available in compact, portable 
form, and their cost is also likely to prohibit their use in routine monitoring. 


BIOLOGICAL INDICATORS 

Some reports of aircraft crew health problems associated with air quality 
have suggested that exposure to phosphate ester compounds, such as tricresyl 
phosphate, or theirpyrolysisproducts may have elicited neurologic symptoms. 
Exposure data relevant to this question are completely lacking because air 
monitoring equipment has not been in place on the affected aircraft. One 
possible solution to this problem may lie in the area ofbiological monitoring for 
exposure markers. For example, it has been demonstrated recently that alkyl 
phosphate compounds are present in the urine of workers exposed to 
organophosphate pesticides (WHO 1996; Lauwerys and Hoet 1993). These 
pesticides are chemically similar to the phosphate esters commonly used as 
additives in hydraulic fluids and lubricating fluids employed in aircraft engines 
and auxiliary power units, and identified as possible causes of neurological 
problems in cabin crew members (Centers 1992; Craig and Barth 1999; Crane 
etal. 1983; Daughtreyetal. 1996; Earl and Thompson 1952; Mackerer et al. 
1999; Rubey et al. 1996; Wright 1996; Wyman et al. 1993). 

The metabolism of these additives in humans produces alkyl- and aryl- 
substituted phosphates in close analogy to the metabolic fates of the 
organophosphate pesticides. Therefore, biological indicators of exposure to the 
phosphate esters may be available. The metabolites are expected to appear 
in urine within 24-48 h of exposure, but there is evidence that the metabolites 
continue to be detectable in urine for aslongasl4 days after a single exposure 
(WHO 1996). The analytical method for these metabolites in urine is very 
sensitive, with lower limits of detection of 0.05 pmole/L of urine or lower 
baviug been reported (Nutiey and Cocker 1993). Further, Studies in agricul¬ 
tural workers have shown that metabolites can be detected in urine samples 
from workers who display no symptoms of acetyl cholinesterase inhibition 
(Nutiey and Cocker 1993). Thus, the biological indicator of exposure is useful 
in identifying workers who have been exposed at levels below those associated 
with acute clinical effects. 
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Therefore, implementingabiological monitoring program might be possible 
based on collection of a urine sample either at the end of a flight, or prior to the 
start of the next flight, after a possible exposure to phosphate esters or their 
by-products. It may not be necessary to impose this testing as a routine proce¬ 
dure, but biological monitoring could be used whenever a suspected exposure 
has occurred and complaints are reported. Although this procedure would 
provide useful objective information regarding the recent exposure history for 
•each individual providing a sample, biological sampling also has certain nega¬ 
tive attributes. These negatives include necessary invasion of privacy, need 
to obtain informed consent, and the additional effort required to keep confiden¬ 
tial the data resulting from analyses (Schulte and Sweeney 1995). Vety recent 
work has suggested that in some instances saliva may be substituted for voided 
urine as an appropriate sampling medium for biological monitoring (Luetal. 
1998). If this were shown to be feasible for phosphate esters, subjects are 
likely, to prefer saliva sampling to urine sampling. 
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Appendix E 

Glossary 


ACGIH - American Conference of Governmental Industrial Hygienists- 

AFA - Association of Flight Attendants. 

AIDS - FAA’s Accident/Incident Data System. 

Airborne transmission - Exposure to airborne infectious agents in droplet 
nuclei is considered airborne transmission. Droplet nuclei and 
particles of dust <5 pm can remain suspended in still air longer than 
larger particles. These particles also'can be carried further on air 
currents and travel deeper into the lungs. 

Air-conditioning pack - A cooling device that accepts high temperature and 
high-pressure bleed air and that expands, cools, and dehumidifies this air 
to appropriate pressure, temperature, and humidity conditions to be 
supplied to the aircraft cabin. 

Aircraft cabin - The portion of a passenger aircraft intended to be occupied 
by passengers. 

Air exchange rate - The rate that an equivalent volume of air in the cabin is 
replaced with outside air. 

APU - see Auxiliary Power Unit. 

ASHRAE - American Society of Heating, Refrigerating, and Air- 
Conditioning Engineers. 

AsMA - Aerospace Medical Association. 

ASRS - Aviation Safety Reporting System. 

ATA - American Transport Association of America. 

Attack rate - The proportion of persons exposed to an infectious agent who 
become infected. 
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Auxiliary Power Unit (AFU) - A turbine engine that is used to power 
electric generators and provide bleed air for pneumatic and 
environmental control system use. The APU is normally used during 
ground operations when the main engines are not operating or are not 
operating at conditions which allow them to fulfill these needs. 

AWS - FAA’s Airworthiness Directive, 

Bicseffluents - Gases, such as C0 2 in exhaled breath, human body odors, 
and volatile compounds produced by fungal and bacterial growth, 
released by humans, animals, microorganisms, or plants. 

Bleed air - Compressed air extracted from the compressor section of a 
turbine engine. 

BRE - Building Research Establishment. 

BRS - Building Related Symptoms. 

Cabin - The section of an aircraft occupied by passengers. 

Cabin crew - The flight attendants who are responsible for the safety and 
comfort of the passengers. Because the majority of exposure and 
health-effects data has been collected in the cabin and might not be 
applicable to the cockpit, this report focuses on the cabin crew except 
where data are explicitly applicable to the cockpit crew. However, 
many issues that are pertinent to the cabin crew are relevant to the 
cockpit crew. 

Cabin pressure altitude - The distance above sea level at which the 
atmosphere exerts the same pressure as the actual pressure in the 
aircraft cabin. Cabin pressure altitude is the static pressure measured 
within the pressurized fuselage (i.e., cockpit and cabin) that represents 
the equivalent absolute ambient static pressure at a given altitude for a 
specific standard day or reference day conditions. The cabin pressure 
altitude is governed by the pressure schedule as set by the airplane 
manufacturer. Typical commercial transport airplane pressure 
schedules top out at a pressure of 10.92 pounds per square inch, which 
is equivalent to an altitude of 8,000 feet at U.S. standard atmospheric 
conditions. 

Carrier - A person who harbors a specific infectious agent without visible 
symptoms of the disease; a carrier acts as a potential source of 
infection to others. 

CDC - Centers for Disease Control and Prevention. 

CFR - Code of Federal Regulations. 

Circulation - Air movement within the aircraft cabin. 

CO - Carbon monoxide. 
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C0 3 - Carbon dioxide. 

Cockpit crew - Pilots and flight engineers. 

COHb - Carboxyhemoglobin. 

Communicable disease - An illness due to a specific infectious agent or its 
toxic products that arises through transmission of that agent ot its 
products from an infected person, animal, or inanimate reservoir to a 
susceptible host (synonym: infectious disease). 

Communicable period - The time during which an infected person or a 
carrier can transmit an infectious agent. 

Contact - A person or animal that has been in an association with an in¬ 
fected person, animal, or contaminated environment that might pro vide 
an opportunity to acquire the infective agent. 

Contact transmission - 

Direct contact involves the touching of wounds or mucous membranes 
of one person with contaminated body fluids from another person. 
Indirect contact involves the sharing by an infected person and another 
person of an item that is contaminated with an infectious agent 
(e.g., soiled tissues, toys, eating utensils, and other items that are 
touched by hand, nose, or mouth). 

Droplet contact involves large particles (>5 pm) that an infected 
person or a carrier releases during sneezing, coughing, spitting, 
singing, or talking. Contact occurs when droplets containing 
infectious agents from an infected person are projected onto the 
eyes, nose, or mouth, of another person, usually within a distance of 
no more than a few meters. 

Contaminants - Any unwanted substance in aircraft cabin air. 

COPD - Chronic Obstructive Pulmonary Disease. 

Diffuser - A device used to distribute inlet air into the aircraft cabin in the 
desired manner. 

Disinsection - Use of insecticides to exterminate insect pests. 

DOT - U.S. Department of Transportation. 

Droplets and droplet nuclei - The dried residue of a droplet that remains 
after liquid evaporates is called a droplet nucleus. A droplet nucleus 
would include any microorganisms contained in the original droplet. 
The important differences between droplets and droplet nuclei are: (1) 
their size (respectively, greater or less than ~5 pm); (2) the distance that 
they can travel (respectively, less or more than a few meters); and (3) 
the site in the respiratory tract at which they deposit (respectively, the 
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airways of the head and the upper respiratory system or the lower 
lungs). Transfer of an infectious agent in a droplet is considered a form 
of contact , whereas transfer by droplet nuclei is considered an 
airborne transmission. 

ECS - see Environmental Control System. 

Endotoxin - A class of lipopolysaccharide-protem complexes that are an 
integral part of the outer membrane of Gram-negative bacteria. 

Environmental Control System (ECS) - The combination of equipment and 
controls used to maintain the environmental conditions in the aircraft 
cabin. 

EPA - U.S. Environmental Protection Agency. 

ETS - Environmental Tobacco Smoke. 

FAA - U-S. Federal Aviation Administration, 

FAR - Federal Aviation Regulation. 

FEF - Forced expiratory flow. 

FEV, - Forced expiratory volume in the first second. 

Filtration - Any means of removing contaminants from an air stream, 
including mechanisms such as mechanical filtration, chemical 
adsorption, and catalytic reduction. 

Flight crew - Pilots and flight engineers employed only on the flight-deck. 

Flight deck - Cockpit area of an aircraft. 

Fresh Air - Synonymous with outside air. The term fresh air does not imply 
that it is uncontaminated air. 

FVC - Forced vital capacity. 

Gasper - An individually controlled air inlet device that a passenger may use 
to direct a flow of air onto herself or himself. 

HEPA - High Efficiency Particulate Filter. 

IAM - International Association of Machinists and Aerospace Workers. 

Infection - The development or multiplication of a microorganism in the 
body. (Infection does not always result in a recognizable disease, and 
individuals sometimes carry pathogens without becoming infected. A 
person may be infectious (i.e., able to transmit an agent to others) 
without experiencing symptoms.) 

Infectious disease - Clinically apparent or manifest infection with outward 
Signs. 

Infectious disease outbreak - Occurrence of two or more cases of infection 
in a limited time period and geographic-region. The first cases that are 
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identified are called primary cases; persons subsequently infected by 
the primary cases are called secondary cases. 

JAA - Joint Aviation Authority 

JAR - Joint Aviation Regulation. 

MSDS - Material Safety Data Sheets. 

MVOC - Microbial volatile organic compound. 

NAAQS - National Ambient Air Quality Standard. 

Narrow body - Aircraft with fuselages whose diameter is about 12 feet. 
These aircraft typically have one aisle, with 5 or 6 seats across in the 
coach section and 4 seats across in the first-class section. 

NASA - National Aeronautics and Space Administration. 

NIOSH - National Institute for Occupational Safety and Health. 

N0 2 - Nitrogen dioxide. 

NO, - Nitrogen oxides, species unspecified. 

Notifiable disease - Those diseases for which regular, frequent, and timely 
information on individual cases is considered necessary for prevention 
and control; examples include mumps, pertussis, measles, tuberculosis 
and varicella (chickenpox). 

NTSB - National Transportation Safety Board. 

0 3 - Ozone. 

OSHA - Occupational Safety and Health Adminstration. 

Outside air - Air brought into the aircraft cabin from a source outside of the 
aircraft. 

PAH - Polycyclic aromatic hydrocarbon. 

Partial pressure - Pressure exerted by a single gas in a mixture of gases; 
commonly expressed in millimeters of mercury. 

Partial pressure of oxygen (P0 2 ) - The pressure that would be exerted by 
the oxygen in the air if all other chemical components of air were 
removed and only the oxygen remained. 

PEL - OSHA’s permissible exposure limit. 

PM - Particulate matter. 

PM 2 s - Paniculate matter less than 2.5 microns in diameter. 

PO-, - see Partial pressure of oxygen. 

Pressurization - The increase in pressure of the aircraft cabin air above the 
ambient outside atmospheric air pressure. 

Recirculation - Use of recirculated air in the cabin ventilation system. 

Recirculation air - Air that is extracted from the aircraft cabin and then 
reintroduced to the cabin through the cabin ventilation system. 
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Reference Concentration (R1C) - RfC is an estimate of a daily exposure to 
the human population (including sensitive subgroups) that is likely to be 
without an appreciable risk of deleterious effects during a lifetime. 

Relative humidity - The amount of moisture in air compared to the maximal 
amount the could contain at the same temperature; expressed as a 
percentage. 

Respirable suspended particles (RSP) - Airborne material, including dusts, 
mists, smoke, and fumes, that is small enough to penetrate the lungs on 
inhalation (approximately 2.5 pm or less). 

RH - see Relative humidity. 

RSP - see Respirable suspended particles. 

SDRS - FAA’s Surveillance Difficulty Reporting System. 

SMAC - Spacecraft Maximum Allowable Concentrations. 

SO, - Sulfur dioxide. 

STEL - Short-term exposure level. 

TCP - Tri-cresyl phosphate. 

TLV - Threshold limit value. 

TMPP - Trimethylolpropane phosphate. 

TOCP - Tri-ortho-crcsyl phosphate. 

Tuberculin skin test - An immunological test for tuberculosis in which a 
purified protein derivative from Mycobacterium tuberculosis (called 
tuberculin) is injected subcutaneously on the lower part of the arm, 
resulting in a temporary induration (lump) in two to three days if the 
tested person was previously exposed to the bacterium. 

TWA - Time-weighted average. 

Ventilation - The process of supplying outside air to the aircraft, distributing 
this air to the cabin, and providing adequate air motion within the cabin 
to prevent the air within the cabin from having excessive levels of 
contamination; may include outside air and recirculated air. 

Ventilation rate - The flow rate of outside air supplied to the cabin for 
ventilation, does not normally include recirculated air even though 
recirculated air may be used for cabin ventilation. 

VOC - Volatile organic compound. 

WHO - World Health Organization. 

Wide body - Aircraft with fuselages whose diameter is about 20 feet. 

These aircraft typically have two aisles, with 7-10 seats across in the 
coach section and 6 seats across in the first-class section. 
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